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ABSTRACT

The following report is a detailed account of the work carried
out by UNIVAC pursuant to Contract Number DA-49-186-AIC-34(X). It
is of special interest in this contract to develop analytical tools
which indicate circuit values in the construction of an all-fluid
system, and which then predict its operating characteristics. In
short, a circuit theory is to be formulated. An n-stage binary
counter is selected for analysis, the foundations of which are the
analogous equations of fluid flow and electrical current, and em-
pirically formulated element characteristics.

1. INMODUCTION

The primary goal of this investigation is the formulation of
analytical techniques which allow a circuit to be constricted by de-
fining and giving values to 'ts relevant parameters, and which then
predict its limits of operation. The term "analytical" is used here
in its broadest sense: like most "theories," the analytical tech-
niques developed here derive, in part, from a great deal of experi-
mental data. It is this experimental data (most of it, steady state)
which, although unspectacular, is really the backbone of the first
portion of the investigation, for it is the characteristics of the
elements and circuit components which permit the fashioning of a
workable "DC" circuit. It remairs for the more sophisticated (but
less well developed) AC analysis to predict the frequency limits and
other transient effect.

In addition, this contract is concerned with several other areas
ef interest which are related to, or come as by-products of the main
investigation described above. These include design optimization,
generalization of results, documentation of laboratory experience,
particularly with dynamic instrum~..tation, scaling effects, sealing
techniques, and control of spurious oscillation.

The circuit chosen for analysis was the binary counter circuit
described in ref 1. Subsequent investigat t on of this circuit disclosed
characteristics that made it appear inadvisable to continue with it,
Several different designs were then considered, and one selected for
study--one which gave promise of working quite satisfactorily, which
presented a quite interesting and general type of circuit, and which
was amenable to mathematical analysis.

Following this decision, the characteristics of the additional
elements to be used in this circuit were obtained, and a 3-stage
counter constructed and tested over a widte range of control signal
inputs and power Jet flows. Concurrently, the theoretical analysis

was being developed which sought to determine a transfer function for



the flip-flop from an equivalent synthesized electrical network,
predict frequency limits, predict the variation in output wave shape
with changing loads--In a word, to describe the dynamic operation
of the circuit.

2. TEST EQUIPKEN-INSTRUMENTATION

2.1 Mechanical Pulse Generator

Rapid generation of flow pulses was achieved by the use of
a rotating disc with cutout sluts on its periphery (fig. 1). In use,
an air jet from a nozzle is aimed at the periphery, and the slots
allow the the passage of the jet in rapid step-like fashion. Inter-
changeable discs with different size slots and variable motor speed
make possible the independent variation of frequency and pulse dura-
tion. This apparatus produces rise times on the order of 0.1 msec.
In terms of usual rise times encountered in fluid circuitry, this
is a near-perfect step. Of course, receiver tubes or other impedances
may be placed ii',nediately downstream of the rotating disc to produce
almost any desired signal.

2.2 Steady-State Instrumentation

The usual methods of steady-state measurement of flow and
pressure were employed. Static pressures and total pressures (using
a Pitot or stagnation tube) were indicated on conventional manometers.
Air flow was measured using a variety of instruments--a few purchased
flow meters, and a number of nozzles and orifice-type meters, machined
and calibrated in our department.

2.3 Dynamic Instrumentation

The hot-wire anemometer is an indispensible tool in fluid
amplifier research. Notwithstanding its drawbacks, it remains the
obviouF choice when transient flow measurements are requi:ed. One
inherent problem in hot-wire anemomutry is the nonlinearity of the
mass flow-voltage output relationship, if one wishes to view the
character of a wave form, he sees a distorted picture; the slope at
low velc2ities is, of course, too high. If precise rise-time measure-
ments are required, say between 10 and 90 percent points in velocity,
the corresponding voltage points may be deduced with good accuracy,
but this is a very grtat annoyance, especially where considerable
quantities of data are being gathered.

Because of the great advantage in a linear system, our
lnst , ion section expended a considerable effort in the develop-
ment nrmomt, e - w th a ain ar i wAt voa tat output. T Iis is a
constant L hra e ;ystemý. -V s.nch :•v&toms were built, tested,
and put into opiration in our j•,-fr •-y
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A few notes on our operating experience are worthwhile to

record here. The unito were built with the circuitry immersed in
an oil bath for the primary purpose of damping out variations in

the temperature of the surroundings. A subsequent test showed that

the drift could be furtner reduced by maintaining the oil bath itself
at a constant temperature. At this point, the systems were con-
sidered quite "useable" although there still occurred, from time to
time, some unaccountable changes in the t,libration curve of a par-

ticular probe--a phenomenon which vas then interpreted as drift in

some portion of the circuit. A short time later, it was to be
discovered that the hot-wire probes exhibited "one-sidedness"--that
is, in general, a probe exhabited different characteristics depending
on its orientation to the direction of air flow. From this point
on, all orobes were carefully marked, and always calibrated and used
with the same side subjected to the air flow. It was then evident
that the actual electronic drift was at a tolerable level.

Naturally, where any changes at all can be expected, and
when doing precise quantitative work, it is prudent to calibrate a
probe before and after each such test. This is a practice which

we have adopted in all of our test programs involving dynamic in-

strumentation. Following this practice, accuracy limits not exceed-
ing ±5f in velocity are obtained.

In fluid systems, pressure is an equally important variable.
A number of pressure transducers of va-ious types has been introduced
on the market, but the more desirable (capacitive type) has not been

developed quite to the extent of hot-wi e anemometry. Reference 2
gives an excellent pressure transducor survey, and discusses the general
problem of pressure measurements in unsteady flow.

3. LARGE-)CALE TESTS

The first series of tests was directed toward obtaining the
steady-state pressure and flow characteristics of the most important
element in the circuit--the flip-flop. This series was performed
in two parts, the complete description of which comprises Appendix A.

The critical dimensions of this element (as supplied by HIL under
the term3 of the contiact) are seen in figure A-1, Appendix A.

A nozzle width of 0.120 in. was chosen for the initial tes•,, and
was prompted by two main considerations: (1) to observo tcale effects,
for by the use of the 0.120 in. size and the more conventional 0.030 in,
size., A Reynolds Number range of 1,000 to 24.000 (based on nozzle
width could be covered conveniently, and (2) accuracy of measurements.
These tests were run with great attention to Jetail. Both pressure

and flow were measured at All five ports for a number of input con-
dit 'oiis, and a premjum was plan7ed upon accuracy of measurements. (See
notvs in section 4 :-)out the difficu*ties Involved in measurements on
smaller apparatus.)



Part I of Appendix A, describing one phase of the work, is

concerned with a representation of the flip-flop performance under

changing load conditions. The load was simulated by a reatr~ctlor
in the form of an orifice located on each output leg of the fli,-
flop. Similar orifices were placed in the control ports to note
what effect, if any, this had on performance. The test ranges of

these geometric parameters, as well as the flow and pressure param-
eters, are shown below.

Parameter Symbol Test mne

Output load orifices d4, d4 0.3125-0.52 4n.

Normalized output load orifices (c3/dn)2 (4/dn)2 1.78-4.94

Control port orifices d2 , d6 0.1-0.52 in.

Normalized control port orifices (d6/dn)2,(dm/dn)a 0.182-4.94

Supply pressure P1  5-45 in, n90

Nozzle velocity V1  124-400 fDR

Power jet flow 2.25-7 CFM

Mach Number M 0.1-0.35

*Reynolds Number R 7,440-24,000

*Based on nozzle width = 0.120 in.

The conclusions may be summarized as follows:

(1) The element may be oper,,ted without control input restric-

tions. The performance characteristics favor slightly this configura-
tion. Operation is very stable and digital.

(2) The element is essentially Insensitive to supply pressure
in the range tested. Results are, therefore, simplified by
normalization of pressures.

(3) A proportionai range is exhibited for the loud or,:ico*
value, di = d w 0.3124 in., or (/d n)2 = 1.78

(4) The range of bistable operation is d =i d4 > 0.325 in.

or (d2/dn)2 1.3.

9



(5) The estimated load range for useful operation is

0.338 < <= 0.3725 in., cr 2.09'= (d 3 /d )2 < 2.54

(6) At d3 = 4t = 0.348 in. (with control ports open)

Pressure gain 3.0
Pressure recovery 31.5,
Efficiency 43
Percent of power jet flow

to switch (% /Qi) 22

Part II of Appendix A discusses "Presteering," The succe.ssful
operation of the originally suggested binary counter i1, dependent
ort the induced flow in the "loop" (see figure below) to presteer
an incoming pulse in the proper direction.

" " - Upper flip-flop (with controls)

Power *-- Loop

Jet

SLower flip-f-op (without controls)

J ---. Incoming pulse

The jet stream in the upper flip-flop being asymetrical,
establishes a p)ressure difference across the control ports, which
in turn. accounts for the circulatory flow in the loop joining !!,

two elements. This p7-O'sure difference, ind th(e flow it induces
were the subjects of investigation in this sequence of tests. Two
typical load orifices were inserted in the cutput legs of the u,,per
flip-flop, and measurements taken over a range ,l p•wer jct florws.
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The pressure difference across the control ports when blocked,
or with a clamped loop, may be regarded as a measure of the "flow

inducing capability" of the upper flip-flop. Of course, the actual
flow which results depends on the resistance of the complete loop
configuration, which embodies the lower element, and the lines con-
necting its outputs to the upper element inputs. For this reason,
it is impossible to specify a value of floA until the entire con-
figuration has been fixed. Thesu tests usod a simple loop with
different orifices inserted to provide artificial resistance, and
also to measure the flow.

The conclusions from these tests may be summarized as follows:

(1) The control port pressures were insensitive to the load
orifices used.

(2) The induce' loop flows ranged from 2 to 4 percent of the
power jet flow for the line resistances used. It is estimated that
the 4 percent figure is attainable (and probably necessary) in a
practical configuration, when used in conjunction with the large
element tested.

4. SMALL-SCALE TESTS

The critical dimensions of the 0.030-in., nozzle flip-flop -
mained the same (referring to fig. A-1), but the control port •.-uths
were changea from 5W to 3W, and the power jet port width from 10W to
3W. This was done to allow the use of our standard fittings, thereby
facilltating the interconnecting of these and other circuit el)ments.
These changes necessitated the making of a ncw template, from which
a new brass master was machined. Several rubber molds were poured,
and from these, several dozens of epoxy castings made.

Essentially, the same sequence of tests was performed as on the
0.120-in. element. The i'ange of geometric, pressure, and flow param-
eters is giver below:

Test Range

Output load orifices d, d3 0.079-0.110 in.

Normalized output load orifices (d3/dn ) (d•/dn 1.82-3.50

Control port -;'ificet ctL , none used

Supply pressure Pi 10-30 In H.0

Nozzle width V1  200-350 fps

Ptrer J.et f1ow 0.23-0.39 CN

11



Mach Number M 0.18-0.30

*Reynolds Number R 3000-5200

*Based on nozzle width = 0.030 in.

The purpose of this section is to merely report the results
of the small scale tests, and to compare them with the large scale
r,.rformance. The differences are noted but not analyzed. A later
section on scale effects attempts to introduce factors which account
for these differences.

Figures 2 through 6 indicate and compare the performance of
0.03 and 0.12 in. nozzle scale models. Figure 2 shows the character-
istics obtained for a single element, and may be compared with
figure A-3. Figures 2, 3 and 4 compare the two sizes with respcý.t
to efficiency, pressure gain, and pressure recovery, respectively.
Figure 5 shows the variation in pressure recovery and switchin.g
pressure exhibited by a number of small flip-flops.

The curves of figure 7 may be consulted to show the general
variation in flow, velocity, and Reynolds Number at given supply
pressures for both 0.03 and 0.12 in. nozzle flip-flops. They are
approximate, since a slight variation with load orifices exists;
however, this variation is less than ±5 percent.

There are several rather obvious differences 'n the performance
characteristics of the two sizes. They may be summarized as follows:

(1) There is a definite "load-shift," as seen on figure 5, in
particular. That is to say, the useful operating range of the 0.030-in.
nozzle element has shifted to the left by about 10 percent in the
(d /d )2 load parameter. The useful operating range is defined aso n
the range bounded on the right by the intersection of the on-side and
switching-pressure curves, and on the left by the intersection of
the off-side and switching pressure curves, or the limit of bistability,
whichever occurs first.

(2) The small flip-flop appears to be more pressure sensitive;
that is, normalized pressures vary a bit more over the supply pressure
range investigated--a fact due partly to the practice used herein
plotting static, rather thain total pressures. See flier description
under "Scale Effects."

(3) Obtaining accurate and consistent results becomes a real
problem when working with elements of the 0.030-in. nozzle clasis.
Nkrhaps the most difficult problem is that of act"urately machining
the small load-simulating orifices in the output legs. It must be
appreciated that the diameter range corresponding to the useful
operating range is 0.081 to 0.089 in. An error as sma!l as 0,001
in. is reflected in appirent Incorsistencles in the load charactor-
1stics. It is evident that such Inconsistenct,:4 do appear in the
experimental data.

12
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(4) The maximum efficiency and pressure gain of the small

element is less than that of its big brother. In the case of ef--

ficiency, both the pressure and flow recovery is reduced; In fact,

the flow recovery is very little more than 1, which means almost
no entrainment. All these factors are probably related to the
surface effects which will be discussed later more fully.

(5) The most disturbing fact of all is the very much de-
creased "loop" flow in the configuration described in Part II of
Appendix A, and summarized in the last section. Because of the great
dependence on this flow in the successful operation of the proposed
counter circuit, this subject is discussed in more detail in the
following section.

5. CIRCULATION IN LOWER LOOP

Measurements of the circulation flow in the standard size
0.030-in. element indicated an upper limit of 1.5 percent of the
power jet flow, a substantial reduction from the 4 percent seen in
the 0.120 in. size. This is a very difficult measurement in small
sizes, and hot-wire techniques were employed to verify the correct-
ness of the above figure. (The fluw is about 6 x 10-3CFM or 10'4CFS.)

Apart from the scale effect, which will be discussed later,
there arose the obvious question of the applicability of this par-

ticular flip-flop design to the proposed binary counter circuit. To
gain more concrete evidence, we checked several other flip-flops in

similar configurations, and found quite different values of circula-
tion flow in the lower loop. In fact, there appeared to be a

correlation with the amount of channel "setback" (dimension "X" in

the figure below).

Dimenslon "X" for the tUDL desgn being sttudled in this contriact it

1.'W (for which the lop flow is 1.5 percent). For X = 3W (old KIL

tyle)p we get 3.5-4 percent.



Evidently, the flip-flop and the circuit for which it was in-

tended in this study "re seen to be ill-watched, and two remedial
possibilities immediately suggest themselves:

(1) Substitute a different flip-flop in the same binary

counter circuit.

(2) Continue with the same flip-flop, changing the circuit
to one that is not dependent on this loop flow for its successful
operation.

The first possibility was not particularly attactive, in

view of the fact that a large portion of the work already completed
would have had to be repeated. Changing the circuit appeared to

cause the least disruption in the program, and had the added advan-
tqge of allowing us to continue with the same f1ip-flop, which
certainly is superior In gain, efficiency and clean switching, not-
withstanding its )oor potential flow-inducing ability. The above

change was agreed to in a meeting with HIL during the course of the
program, and it was decided that UNIVAC would investigate several

other possible counter circuits, and select one from these for
experimental and theoretical anAlysis. The results of this investi-
gation are reported in a later section.

6. SCALE EFFECTS

The problem of scaling is one which confronts the experimenter
at every turn. An adequate knowledge of the classical scaling laws
and a keen eye for new or unexpected effects 1q Indispensable if
data are to be interpreted properly. Scale effects are of great im-
portance in fluid amplifier worl. b.nce practical test sizes differ
by at least one order of magnitude from hoped-for miniaturized
production sizes. It is almost a certainty, that in bridging this
gap, we pass through one or more changing flcw regimes characterized
by some Reynolds Number whose value we dr nut yet know. There have
been a number of investigations directed toward shedding some light
on this problem, and progress has been made; but devices have not
yet been standardized to the point where it can be said that a single
value of Rcynolds Number (or some other parameter) may be considered
cr!ttcal for all designs.

The Reynolds Number, however, is not the only dimensionless
parameter to be considered. The general condition for flow similarity
req'.ires that, at geometricaliy similar points, the forces acting on
a fluid particle must bear a fixed relationship at every instant in
time. This Includes forces such as pressure, gravitational, elastic,
and surface, as well as viscous forces. It is important to recognize
that group of forces which predominate, as well as those which do not
affect the fM~aid behavior. We begin by considering the latter group.
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6.1 Nonpredomia'ting Forces

In the test range, compressibility effects are u-idoubtedly
%f little importance for the stedy-state case as the flow is very
definitely subsonic. Certainly, this is true in the region where
Reynolds No. effectsbegin to take place. If there are Mac'i No. ef-
fects, then they should be the same for both large and small models,
because both were tested over essentially the same velocity range,
and for a given air temperature; Mach No. is a function of velocity
only.

6.2 Predominating Forces

We naturally think of Reynolds No. first. The test ranges
have already been given for both scales, but now, for the purpose
of noting scale effects, it is of interest to examine the maximum
Reynolds No. of the small scale tests and the minimum Reynolds No.
of the large scale tests. The following table gives this informa-
tion:

Small Scale Large Scale

Psupply' " HO 30 5

Qnozzle' CFM 0.39 2.5

Vnozzle' fps 348 140

R nozzle 5200 88500

D loop' in. 0.125 0.5

Qloop' CFM 0.C054 0.096

Rloop 66 293

We cannot overlook the fact that tho coefficient of dis-
chstrge (of the load orifices) is a Reynolds NA. dependent parameter,
and we may therefore expect some change in tho: load performance
plot with varytrgReynolds No. In the range Investigated, this change
is such &s to narrow the margin in the performance of the two models.

We next turn to geometric sivilarity, which has been pre-
uumei to have been satisfied. Actually, a small departure from
perfect geometric scaling was introduced with the change to 31 of
the pver nozzle and control entry ports. We may, however, take
account of this change by plotting total pressures rather than
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static, if the (quite reasonable) assumption may be made that the
total energy losses associated with the accelerating flow into the
power and control nozzles are negligible.

The ratio of total pressures is P P4 + V4 1/2g

S P1 + V1 T/2g

The velocity heads at points 1 and 4 may be expressed in
terms of the nozzle velocity head, and hence, in terms of the inlet
static pressure, Pý. The ratio of total pressures, therefore, may
be uniquely expressed in terms of the ratio of static pressures (as
plotted in the figures) for a given geometry. The final expressions
are as follows:

0.120-in. size: P4T/hT = 0.99 (P4 /]Ps + 0.112)

0.030-in. size: P4T/P1T = 0.889 (P 4 /P 5s + 0.125

The latter two equations are, for convenience, plotted in figure 8.

Unfortunately, perfect geometric scaling implies more
than simply maintaining similarity of macroscopic dimensions. Sur-
face fiaish plays an important part in determining the behavior of
flowing fluids. A number of studies have shown a relationship
between flow separation (from a wall), and a parameter, h/6, where h
is the height of a surface irregularity, and therefore a measure of
surface roughness, and 8 is the local boundary layer thickness. It
is also true, that to a very close approximation, 6 S L, where 1, is
an arbitrary linear dimension denoting the scale of the model. It
follows then, that h/L = const should be a condition for maintain-
ing surface similarity. Unfortunately, when scaling to different
sizes, this parameter is seldom held constant, for L changes with
scale, and it is likely that h will remain about the same, unless
particular attention is paid to surface finish details.

Also, the Importance of the parameter h/L depends on the
flow regime, and in particular, the nature of the boundary layer.
Flow at very low Reynolds No. is insensitive to surfa:e roughness.
At nigher Reynolds No., increased surface roughness is usually
detrimental, unless the boundary layet itself is in a transitional
state, in which case a roughened surface will trigger turbulence,
thereby inhibiting separation, and roducing losses. For example.,
the reduced circulation flow found in the small model is not likely
a result ou %urface phenomena, since the flow there is quite laminar,
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and lospes are negligible. On tae other hand, surface effects may

have considerable influence on the behavior of the flow in the out-
put channels of the flip-flop, -?articularly in the diffuser region.

Having introduced the various factors which may account
for performance variation, we attempt now to sutnmarizc the relative
predominance of these effects1.

6.3 Circulation Flow

The discrepancy in results between large and small scales
is difficult to explain. Surface effects are not responsible.

General geometric scaling was preserved. Reynolds No. seems the
only answer. Certainly, the very low numbers are characterized by
a transitory region. Actually, the ranges may be said to overlnp
if one wishes to put faith in the extrapolated portion of the large
scale test down to 0 (see fig. A-22). But In this region, if the

extrapolation is correct, the ratio of circulation to power jet flow

remains about the same, and therefore differs from that of the small
scale test at the same Reynolds No. This implies a dependence on
something other than Reynolds No.

6.4 Load Characteristics

The Reynolds No. ranges do not quite overlap, bu; come
close. One does not expect substantial changes in performance due
to Reynolds No. at this level of turbulence, but it is possible. in
fact probable that the variation in the discharge coeffic.ent gives
rise to a significant change--one that tends to dr&w the -esults

closer together.

Comparing the two scales on the more equitable basis of
total, rather than static pressure results in a widening of the

gap. See the equations for this correction, or figure S.

Surface finish quite probably plays an important role,
especially in the region of the diffuser section of the output flip-
flop channels. Were surface similarity preserved, the O.G30-in.

size performance would probably be improved.

7. INVESTIGATION OF DIFFERENT COUNTER CIRCUITS

The discovery of the poor circiulation flw associated with the
flip-flop design under consideration raised doubts as to the wisdom
of its incorporation into the suggested binary counter circuit. Brief,
informal tests were conducted on this and several other binary counter

ctZrLJts, the results of which tended to support this h)pothesis.
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The suggested circuit was erratic in operation, and "difficult to
make work.' It also posed uncertainties in connection with the
analytical phase of the work. A consultation was held in Washington
with HDL representatives, and it was agreed upon that UNIVAC should
investigate several different binary counter circuits, and select,
from these, one for theoretical and experimental analysis.

Accordingly, two circuits were selected for study, one, a
variation of the original circuit with two feedback loops added,
one from each output to the opposite control port, which serve the
purpose of supporting the "loop" flow established by the pressure
differential across the Jet. Thus, the feedback flow becomes
predominant in directing the incoming signal to the proper channel.
The loop flow, at best, a small percentage of the power Jet flow, Js
no longer a critical parameter.

f et

Signal JLput

This circuit (shown above) was consir'.cted in the laboratory,
using the small size HDL flip-flops with standard connections and
tubing. The circuit was instrumented with pressure tranz-ucers
and hot-wire probet in such a ranner that the signal at any critinal
point in the circuit could easily be monitored. Bleeds were used
at the outputs.

This circuit, while better than the one without feedback lines,
was very difficult to make operate consistently. Short leads were
used to the controls of the active element, but various leigths of
feedback lines were experimented with. Surprisingly, the longer
feedback lines (which permit a longer Input pulse duration) hindered
succesaful operation more than shorter lines.
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The main difficulty with this circuit is its predilection to

oscillate. Aside from greatly increasing the impedance of a return
line, there is no way to completely sbut off an undesirable signal
which may prematurely switch the element. (Note that in the AND
gate circuit discussed later, this disadvantage is not present.
Anothor possibility is the redesign of the lower element, or as-
sociated lines; so they are more suited to their purpose in the
circuit, namely, to "presteer" an incoming signal in a particular
direction without allowing stray internal signals to gaii. such
mpgnitude that they may switch the unit.

Upon adjusting the various circuit parameters to achieve the
best performance, a single stage of the counter was made to operate
in the range of 14 to 30 input pulses per second. The table below
gives the pertinent information aZ the extremes of the range:

Pulses/sec On time (wsec) Feedback delay (msec) Innut pulse duration
(msec)

14 71.5 2 12.0

30 33.3 2 5.5

It was noted that the circuit operation was very sensitive to
the amount of bleed, controlled at the output legs of the upper
element.

In this operating range, the switching seemed quite clean to
the "ear" as it was sensed through the bleed, but the observed wave-
form was somewhat jagged; in short, it left much to be desired in
terms of the type of signal one wo~ild want entering the next stage.
In fact, a second stage was added, and could not be made to operate
successfully. Bleed control of the second stage in attempting to
make it work caused even the first stage to break down.

The chief advantage of this circuit appears to be the fact that
the pulse duration may not have to be a critical parameter. Note
from the above table that the duration is considerably longer than
the delay time associated with the feedback loop. The reason for
this is not entirely clear. At times the circuit oscillates under
controlled pulse operation, implying that the input pulse was not
"off" by the time feedback flow returned. Yet, oscillation is pre-
sent in the complete absence of an input signal, implying a quite
different mechanism by whit'h oscillation occurs. Again, It seems
clear that if such a circuit were to be used, a differently de-
signed lower elemeat would be appropriate.
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The second circuit tested was the AND gate circuit shown below:

:?ol,,r Jet

Sigrml Iput

The incoming pulse is divided, ANDS with the feedback flow
from the on output and switches the power jet. Note that this cir-
cuit 1. not a natural oscillator as is the other one, subject only
to the condition that the signal be off by the time the feedback
flow reaches the AND gate. A steady input flow, or a pulse of too-
long duration will put the circuit into oscillation. The table
shown below indicates the capabilities of this configuration.

Input
No. of On time Feedback pulse duration

stages Pulses/sec (msec) delay (msec) (msec) Comments

2 50 (max) 20 10 3.5 Strong Input
Signal

2 20 (min) 50 10 8 Strong Input
Signal

1 5 (min) 200 10 34 Weak Input
Signal

1 8 (min) 125 5 22 Weak Input
Signal

The upper frequency attainable is limited by the first stage.
The lower limit is probably set by Lhe second, or succeeding stages,
unless the output pulses are reshaped.

Clearly, this circuit seems more manageable than the one previously
described. It has a much wider frequency r~nge, two stages operate
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together quite nicely, and the bleed adjustment is not nearly as
critical. No difficulty was experienced using different feedback
delays, though the pulse duration limit, of course, changes. It
is significant that for the first stage, using a "strong" signal,
the maximum possible pulse duration is of similar magnitude to the
time delay in the feedback loop. It is only with a reduced signal
that lower frequency, or longer pulse duration may be achieved.
This indicates that the steady state pressure is not sufficient to
switch. A similar mechanism may account for the successful opera-
tion of the second stage. Evidently, the on time of the first stage
represents the duration of the second stage signal input. This is
obviously too long, in theory, to permit successful operation of the
second stage. Thus, the "effective pulse width," in terms of switch-
ing capability is, quite clearly, within a reasonable limit.

Since each stage in a binary counter must operate at one-half
the frequency of its predecessor, we may eventually reach a point
where the pulse width must be decreased. This can be done using a
simple "pulse-former" in the connecting lines.

0 1 0 ! I I

Input to AND Gate

Output of VD Gate F

(1) and (2) are output& from the flip-flops. One of the two
is delayed so that the wave forms overlap by any desired amount. The
output of the AND gate is then a pulse of shorter durmtion. One dis-
advantage of such a procedure is the weakened output signal which
results. In some cases, an amplitier may be necessary to build up
this signal.

Having tested the two binary counter circuits, the latter, or AND gate
circuit seemed to be the wiser selection for study. The preliminary
tests showed that it could be made to work satisfactorily; in adittion,
it appeared to be a representative circuit posing a reasonably com-
prehensive probA*e in analysis.
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8. ISOLATION STUDY

The subject of isolation has been studied with considerable
interest at UNIVAC. The attr&ctiveness of the isolation or self-
adaptive element is its ability (if designed properly) to operate
over a wide rangc of imposed loads with negligible feedback effects.
There are several ways to isolate an element from the rest of the
circuit. One is to simply place an isolator, or 1olating element
in the output leg of the element in question. Another is to "build
in" the necessary isolation.

The relative merits of the above mentioned possibilities were
investigated early in the contract period. It was suspected at that
time (although not yet verified by test) that It was advantageous
to isolate as far upstream as possible (say in the output leg of a
flip-flop). This is followed by diffusion, if necessary, which is
accomplished at a lower velocity, and therefore with less loss.
(Later test results of various isolator configurations supported
the theory that it is more efficient to isolate first, and then
diffuse, rather than diffuse itirst, and then isolate.)

Having established the goal of producing a reasonably well
optimized element containing isolation, the initial task became
clear. A fundamental study, on a large scale, of several different
isolator configurations was undertaken. The complete description
and results of this series of tests are set forth in Appendix B.

Stated briefly, the test explored a cylindrical gap-type
isolator, the flow being axi-syumetric. Three types of recovery
port configurations were analyzed, and pressures and flows measured
under various load conditions. (The limiting load conditions pre-
vail with the output tube blocked, and unblocked.) Data were taken
at gaps up to 2.4 diameters. It was seen that perfect Isolation
could be obtained when employing the right combination of gap size
and recovery port configuration. Flow and pressure recoveries were
noted.

The value of this series of tests is evident. Using the re-
sults as guidelines, one may design an element to be used specifi-
cally for isolating purposes, or an element, say a flip-flop, with
built-in isolation, by placing in the output channel a gap of
appropriate configuration. The latter project was, in fact, under-
taken.

9. OPERATION OF A TIREt-STAGE BINARY COMM COStMUCTED ACCORDING
TO STEADY-STATE CALULATIONS

9.1 Constructing the Circuit

The first step In the analytical procedure is to represent the
binary counter in terms of an equivalent fluid circuit. The resistance
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of each element of this circuit must be experimentally determined,
whereupon, the necessary load-matching orifices may be calculated

using straightforward procedures.

The steady-state aspects of the circuit theory are de-

tailed in Appendix C. It is expedient to express the resistance

of a fluid element as an equivalent area--general expressions may

then be derived for combining areas in series and in parallel. The

appendix gives these derivations as well as the complete calculations

pertinent to the construction of an n-stage bincry counter.

Based on these calculations, a three-stage counter was con-

structed. The "breadboard" model of this counter is seen in figure 9.

As a matter of interest, we note that the circuit consists of flip-
flops, bleeds, delay lines, flow dividers, orifices, and AND gates.

It is necessary to determine the steady-state characteristics of

each of these elements. The flip-flop is the most complicated of
these, and has already been discussed in detail. All the others,

with the exception of the AND gate are relatively simple elements,
whose resistance to flow may be quickly ascertained. The AND gate
is a very important element in logic circuits, and, being a three-

terminal device, its characteristics are slightly more complicated

to specify uniquely.

It is therefore constructive to refer to figure 10, which
is a plot of the characteristics of a typical UNIVAC AND gate. The

fcllowing points of interest are noted:

(1) The maximum output does not occur at equal inputs,

but at a ratio of about 1.15.

(2) The fact that the two curves shown do not coincide
indicates a sensitivity to pressure level (or Reynolds Number).

(3) The elements are not perfectly symmetrical. This
is proven by reversing signals A and B and noting the slightly

different output C.

(4) Because of conclusions 2 and 3, we cannot uniquely

characterize an "AND" gate by abscissas in the range 0 P B/PA 1.,

for when P B/PA > 1. the high and low sides are reversed (asymmetry

changes result), and operation is at a higher pressure level (Reynolds
Number changes renult).

A typical load was nsed at the output of the "AND" gate.
For this load, the pressure recovery is seen to be 57 percert for
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equal inputs. Tests -onducted on numerous gates with equal inputs,
and with the output blocked off completely, indicated total pressure

recoveries in the range of 70 -o 80 percent. From the gates avail-
"Mle, three well matched pairs were selected for use In the feedback
lines of the three-stage counter circuit. Three more having good
recovery were used in the pulse-fo---er sections of the circuit.

Open

Stage 1

Timed se

We Orifice

LI90.0 Delay Line

X AND Gate

The operation of the thriee-stage countex, a diagram of
which appears above, may be termed successful. 0 ty one fundamental
change was vade; the delay line in the pulse-forme- circuit was in-
creased from 5 to 10 ft. This is a critical lengtl--the line must
be long enou&'h to permit a signal of sufficient duration to activate
the next stage. But it must be short enough so thbot the signal will
cease by the time the feedback from the output reaches the "AND" gate.
Of course, a linger feedback line could be used, but is not desirable,
since impedanct is thereby increased. This may be ei-pocially harmful
when high frequency operation is reached. 'Me increa_%e in length
was compensated for by suitable changes In orifice diameters.
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9.2 Operation of the Counter Circuit

The first stage operated successfully as an oscillator
(80 cps), and drove the second and third stage at 40 and 20 cps
respectively. Using mechanically timed pulses at the first stage
input, the circuit operated successfully over a range of fre-
quencies dictated by acceptable pulse width limits. Three slotted
generator wheels of 10, 20, and 30 degree cut outs were used.

The maximum permissible pulse width is di,.tated by the
length of the feedback lines; as described earlier. For this cir-
cuit, the maximum width is about 10 msec. This corresponds to
lower frequency limits of 7, 11, and 17 pulser/sec for the 10-, 20-,.
and 30-deg wheels, respectively. The limits of actual operation
matched these figures very closely, with the exception of the lO-deg
wheel, where the limit was 3 or 4 pulses/sec. This is explained
by the inabilitv of the wheel slot to produce a perfect flow step
at very slow rotating speeds. The r.se-time shortens the effective
pulse duration, and permits lower speed operation.

The minimum permissible pulse width is difficult to predict
accurately, but our switching tests show a sharp knee in the pres- Ire-
to-switch versus pulse duration curve (see Appendix D), starting at
a pulse duration of about 3 msec. The upper frequency limits achieved
with 10-, 20-, and 30-deg wheels were about 18, 30, and 45 cps, re-
spectively, These frequencies correspond to pulse widths in the 3-
to 4-msec range.

10. SWITCHING TESTS

A number of tests were performed to determine various switching
characteristics, These tests may be categorized as follows:

(1) Determifiation of leading edge wave shape as seen at output
leg of flip-flo,.

(2) Cor-eletiun of minimum control pressure to switch and pulse
durat i on.

(3) Switching time,

The r1rst two items are explored in detail in Appendix D.
Item 1 represents a part of the experimental portion of *he tratisient
circuit andlymis. Or.e purpose of this analysis is to predict by
means of un equivalent flip-flop circuit its output wave shape. The
supporting experimoeatal evidýýrce Is a portion of the work of Appendix D,
wherein are shown oscillograms of output wave shapes. The duration
of the control pulse and the output load is varied.
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The results of the control pressure-pulse duration tests are
seen in figures D-3, D-4, and D-5. Different size cut-out slots
in the pulse generator wheel allowed frequency and pulse duration
to be varied independently. Figure D-4 shows the nondependence of
frequency.

Item 3 is simply an experimentul determination of the switching
time of a flip-flop, which is here defined as the time necessary
to switch from one output to the ,)ther with zero feedback length in
the simple oscillator circuit indicated in figure 11. Since zero
feedback length is physically inattainable, we simply plot the cycle
period for different lengths, and extrapolate the curve to zero.
This gives a full cycle tnrie of 0.5 msec, or a switching time of
C.25 mpec. The curve bends a bit in the region of the extrapola-
tion, however, and it seems wiser to consider an average switching
time inferred from the rest of the data, taking into account the
delay in the feedback length. Ctnnsidering the equation:

T 21 + 2•

Where:

T = cycle period msec.

2 = delay in 1/2 cycle Z length of
feedback line in ft.

s = switching time in msec.

We get an average s of 0.32 msec for the seven test points. The
range was 0.25 i.o 0.4G nsec,

11. TRANSIENT CIRCUIT ANALYSIS

The purpose of this portion of the analysis is, in a word,
to predict the transient behavior of a fluid circuit. It starts
with perhaps the most complex element in the circuit--the flip-flop--
and attempts to derive its transfer function. The steps In this
procedure may be outlined briefly here:

(1) Draw an equivalent flip-flop circuit, using AC type
impedances a3 well as DC type resistances. (The placing of elements
in this circuit is, to some degree arbitrary, and may have ti Le
modified later.)

(2) Write the circuit equations

(3) Solve the equations for p(t) or q(t). Thcze equations
will have the form-
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p(t) = f(R, L, C, t)

where R, L, and C are arbitrary constants, any values of whicb will
satisfy the initial equations.

(4) Select values of R, L, and C which will give p(t) which
concides most closely with the experimentally determined p(t).

(5) Use this equation to predict the output wave form when
different values of R, L, and C prevail.

The above procedure was described for, but is not limited to,
a flip-.flop, Any circuit may be handled in this fashion, assuming
that the equations may be solved (see Appx E for detailed theory
of fluid circuits). The equations, of course, are the well-known
electrical circuit equations expressing voltage drop across resistive,
inductive, and capacitive type elements:

di 1 t
e = L.ý-• + Ri +- - idt

But for a fluid circuit, we substitute pressure for voltage and
flow for current, and get

t

p = + Rq +--J- qdt

Equations of this type ar,3 easily solved since they are linear.
But the relationship between p:'essure and flow in a fluid resistive
type element (say, an orifice) is not linear. We may solve the
linear equations and have only an approximate solution--or attempt
to solve the nonlinear equations and have exact solutions.

Each of these two approaches has been given• considerable
thought. Appendix F is a complete accounting of the linear ana)ysis.
Herein is described the assumed circuits, their equations, and
solutions. The fip-flop is considered first, and a mathematical
curve is derived which closely fits its known output wave shape.
The analysis is the.a extended to a complete circuit, and culminates
in a theoretical determination (confirmed by experiment) of the
natural frequency of a stage of the experimental binary counter.

The second course--that of investigating the possibility of
nonlinear solutions- -failed to yield solutions in closed form. In
general graphical or computer techniques are necessary.

12. A TIREN-STAGE BINARY COUNTER USING THE ISOLATION FLIP-FPLP

The knowledge gained as a result of the fundament;] investigation
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of flow isolation (described in Appendix B) laid the ground work
for the development of a flip-flop with "built-in" isolation. The
design philosophy is described in detail in Appendix G, along with
a dimensioned drawing, and performance curves. It is clear, from
the nature of the curves, that feedback effects have virtually been
eliminated in this element.

To demonstrate the utility of this new element, we have fabricated
a 3-stage (single plane per stage) integrated binary counter. The
planes are separated by short spacers to permit the necessary bleed
from the isolation gap. The circuit used is a modification of the
AND gate circuit which was investigated in the previous analyses.
The circuit is so designed that its operation is independent (above
a certain minimum time) of the duration of the incoming control
pulse. This is a great advantage for any type of construction, but
particularly so for an integrated plane-type construction, since it
eliminates the need for space consuming delay lines that are normally
necessary in the feedback and pulse-former sections of standard cir-
cuits.

A description of this circuit, as well as the details of the

counter construction, is presented in Appendix G.

13. CONCLUSIONS

(1) The steady-state performance characteristics of a large and
a small scale HDL flip-flop was the first task accomplished. A two-
fold purpose was served; the tests provided the operating character-
istics necessary to match the flip-flop to the rest of the circuit,
and scale effects were noted.

(2) The small (0.030-in. nozzle) element characteristics were,
in general, inferior to those of the large (0.120-in. nozzle) element.
Reynolds Number changes are, in part, responsible, particularly inso-
far as the discharge coefficients of the various orifices are con-
cerned. Equally important are surface phenomena. These are less
predictable, but under certain conditions, may have a significant
effect on performance.

(3) The low circulation flow found in the loop connecting the
control ports of the upper flip-flop caused an investigation into
several alternate binary counter circuits. Following a brief period
of study, one of these (the AND gate circuit) was selected for
analysis.

(4) Following the substitute counter selection, the steady-state
res-stance of all the necessary elements ir the circuit were obtained;
matching load orifices were prescribed by rterdy-state circuit theory.
and a 3-stage "breadboard" counter was built tnd successfully operated.
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(5) The transient circuit a.,alysis took two forms: a linear, and
a nonlinear study. The nonlinear study was not fruitful, due to the
mathematical complexitiles involved. The linear analysis, although
an approximation at t$i6 outset, produced more satisfactory results.
An equivalent flip-flop circuit was drawn, and a transfer function
deduced. Later, a complete circuit, including the flip-flop was
considered, and the theory used to predict the natural frequency
of oscillation.

(6) Switching tests on the small scale flip-flop produced the
following information:

(a) Oscillograms of output wave shapes under varying

conditions of load and control pulse duration.

(b) A correlation between the minimum control pressure
to switch and the pulsvý duration.

(c) Switching time, as determined by varying the feed-
back length of a simple oscillator circuit, and extrapolating to
zero.

(7) Following a fundamental study of axisymnetric flow isola-
tion by gap, an isolation flip-flop was constructed which proved
capable of operating in a circuit, and being virtually unaffected
by feedback effects. A 3-stage integrated binary counter (in three
planes) was fabiicated using this flip-flop in a modified circuit,
whose successful operation is independent of the duration of the

control pulse. The need for space consuming delay lines is thereby
eliminated.

14. REFERENCES AND BIBLIOGRAPH.

References

(1) Warren, R. W.; Fluid Amplification--3. Fluid Flip-Flops
and a Counter TR-1061, DOFL, 25 August 1962.

(2) Symposium on Measurement in Unsteady Flow, pp 3-21, ASME,
Iay, 1962

Bibliography

Schenck, Jr.; Theories of Engineering Experimentation, McOraw-
fill, 1961.

Schlichting, H.; Boundary Layer Theory McGraw-Hill, 1960, Fourth

Edition.

Oldenburger, Rufus; Mathematical Engineering Analysis, Dover
Publications, Inc., New York,. pages 357-359.

39



NOMENCLATURE

ay b. c, d, a constants

A area

C capacitance

d, D diameter

e voltage

f friction factor

g gravitational acceleration

I current

L inductance

M Mach No.

p, p pressure

q, Q flow

R Reynolds No., resistance

s switching time

t time

T period

V velocity, volume

y weight density

p mass density

Subscripts

o initial

1, 2, 3, 4, 5 flip-flop terminals
(See Figure)

ajet 4

n nozzle 2.

s supply

T total
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APPENDIX A.-STEADY-STATE CHARACTERISTICS OF HDL FLIP-FLOP

INTRODUC'TION

The problems inherent in describing the performance of a

five-terminal device, such as a flip-flop (fig A-lIP, are manifold.

No one method appears to be unique, nor even the best under all
circumstances. Rather, we must keep in mind the use for which the
element is intended, and be content with a method of presentation

which is the most instructive for this purpose.

In a word, the method used here shows the variation of the out-
put characteristics of the device as a function of load. This method
has the advantage of giving immediate insight into the useful opelat-
ing range. For example, this flip-flop is not called upon to "fan-

out," or drive a number of other units. Therefore, flow gain is of

little importance. But pressure gain is of great importance, and

we can by inspecton of, say figure A-2. see that the operating
point must lie within the intersection of the switching and off-side
pressure curves, and the intersection of the switching and on-side
pressure curves.

Loads are simulated by the placing of orifices of different
sizes in the output channels. A function of this load is plotted
as the abscissa, and normalized flows and pressures as the ordinate.

Some investigators in the field find it expedient to use orifices
in the control inputs. This flip-flop, accordingly, was tested.

over a range of such input restrictions.

The unit was tested in air with supply pressures ranging to
45 izn. vf water. At each supply pressure and configuration of

orifices, performance data were taken with the control ports open
to atmosphere in the absence of a control signal. A line was then

connected to one control port, and air introduced in "quasi-steady"
fashion to the point of switching. At this point, another complete

set of performance dati was taken, but with particular emphasis on
the switching pressure and flow. A third configuration involved

connecting the control ports by a line (to form a closed loop).

The latter configuration is of interest in connection with the proper
functioning of this element as a binary counter. Measurements of
the pressure difference across the jet and the circulation this
establishes comprise a division of this investigation which is
described in Part II of this report.

*Figures for appendix A appear on pp 13 to 64.
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PART I

1. DESCRIPTION OF TEST APPARATUS AND MEASUREMENT OF FUNDAMENTAL
QUANTITIES

The line diagram of figure A-3 shows how the flip-flop is
instrumented. Orifice type flow meters rare inserted in the
supply line and the line to the left control port. Each terminal

has four static pressure taps manifolded to a common line leading
to a manometer. 1hus, the possibility of erratic readings due to
asymmetry in the flow is minimized. The orifices in the output
legs used to simulate varying load conditions, conveniently
double for flow measurement devices. Each orifice used was
calibrated for this purpose to give output flows as well as pres-
sures.

The entrainment flows in the control ports and in the "of2-
side" output leg are, of course, small, and not suitably measured
by the pressure drop across an orifice. For this purpose, hot-wire

anemometry was employed, probes being situated at terminals 2 and
3. Thus, flow and pressure are quite adequately monitored at
each of the five terminal points.

2. DEFINITION OF TERMS

Pressure recovery R = P 4/Pl

Flow recovery RQ = Q4/QI

Efficiency 'n = RpRQ

Pressure gain is defined as the change in pressure at one
output leg irior to and after switching divided by the corresponding
change at the control poet.

For a symmetrical device, this reduces to

Pon side - off side
p - P

switch 
c

where P is the pressure at the control port on the Jet side in the
absence of control flow. For a Aet in s.;ate 4, the gain would be

P4 - P3
4 3,

P P5(sw) P 5

43



Flow gain, 0Q is defined similarly, as

Q5
OQ Q5(5w) - Q

The power gain is Gp x GQ

3. DISCUSSION OF TEST RESULTS

A brief explanation concerning the abscissa parameter in
figures A-3 through A-10 is in order. d is simply the diameter0

of the orifices used in the output legs. d is the diameter of
a circle whose area is the same as that of •he nozzle. In other
words,

Nozzle area = .120 (.360) = j- d 4

d 4- (A12)%.36), dN = .234 in.

In general, for flow through an orifice,

Q - &CA ATP

Pamb--,

Speciflcally, QN W 1.A / -7 ..

and Q CA V P
44 0 o ub.
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But, if P ab is atmospheric, and all pressures are gauge,

%N= KC NAW N Psand Q 0= KC DA 0 FPO
Admittance, defined as Q3 /P is an oft-used parameter to characterize
a hydraulic load. Note, that for the specific cases above,

Output admittance= Q /P = K2C 2 A 2

Input admittance = QN2/Ps = iftCN 2 AN2

Admittance ratio ( Cy( fi

(if dN is defined as above).

It is seen that the term (d /d0 ) is related to the square

root of the admittance ratio by the ratio of discharge coefficients.
The attractiveness of this term as a load parameter is apparent
when one considers its simplicity and its fundamental relation to
load. Its nondimensional form allows direct comparison of character-
istics of flip-flops of differing size and design.

Figures A-2 to A-7 show the performance characteristics of thte
flip-flop for a series of control input restrictions ranging from
0.1 in. to 0.52 in. (open). Inspection of these curves does not
indicate a clear-cut advantage in operating the element with the
controls restricted. The element is quite stable with the inputs
unrestricted, and quite "digital" (note the off-side pressures).
The pressure recovery and pressure gain are good, and seem little af-
fected by changes in the input orifice size, until a diameter of
0.1 in. Is reached. Here, switching pressures are somewhat erratic.
and quite low--in fact, comparable to the off-side pressure.

The area of interest is, of cou'rse. to the left of the inter-
section of the switching and on-side pressure curves (PsiPI and

P 4/:)1 sine it is in this region that pressure gain Is obtained.

The limit of stable circuit operation is th'e inte.-section of ':he
switching and off-side pressure curves (P 5 /P 1 and P3 /P-), i.nce an

off-side pressure equal to the switching pressure of a downstream
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flip-flop would triggcr it. Wa Peek an operating point somewhere
between those two ll.mits, Note that the o,*rating uoint will also
C1o3ely coincide with the point of maxtimum effivi,.ncy.

Outpitt orifices of 0.325 in.) or (do /dN) = 1.93. represunt

the approximate limit of bistable operation. There Js a slight
dependrnce on supply pressure here, but nominally, the output of
the element is divided when using output restrictions less than
0.325 in. A later paragraph describes a brief test in the pro-
Portional range of this amplifier.

The curves in figures A-2 to A-7 were taken with the element
in state 4. For comparison, figire A-8 shows the characteristics
in htate 3 (the preferred side). The difference in performance is
eern to be small. Compare figures A-2 and A-8, which are both for

open inputs.

The device is essentially preý ire insensitive, in the range
tested, a fact which greet-ly simplifies the presentation of the
results, since it allow. normalization of all pressures. The
su'-ply pressure range for each input configuration is noted on
ti.e curves. Most tests were run at more than one value of supply
pressure, and the data are indicated as discrete points (same
,z::cissa, different points on the ordinate). It is seeni that in
general, the point. are close enough to assume that pressures scale
quite well in the range tested. What dependence there is on supply
pressure scems more pronounced as the limit of stability is reached.

Figures A-9 and A-10 show the pressure and power gain for ti'e
-nntrol inputs open, and for d2 = d5 = 0.3 in.

Figure A-11 snows the input power as a function of he supply
pressure. It is essentially independent of the orifice configura-
tions testeu.

Figure A-1' shcvw' a proportional range of this elem.rt. N-dt
a cor.cer:, for the present appiication, it seems fitting, nevertheless
to comment briefly on its existence for possible fu.ture reference.
The range in output lond giving these results was not fully investi-
gated, but appears to be quite limited. Similar results obtain
when orificts are placed in thE' control eorts.

4. CONCLUSIONS

(1) The element may be. operated without control input
restrictions. The performance characteristics favor slightly
this configuration. Opeiation ts very stable and digital.

4'U



(2) The element is essentially insensitive to supply
pressure in the range tested. Results are, therefore, simplified
by normalization of pressures.

(3) While perhaps not the best design for an analogue device,
the element exhibits a proportional rarge when using output orifices
of 0.3125 in.

(4) The range of bistable operation was found to be
d3 = d > 0.325 in.

(5) The estimated load range for useful operation is

0.338 < d < 0.3725 in. At d = 0.348 in. (with control ports open),

Pressure gain 3.0

Pressure recovery 31.54

Efficiency 434

Percent of power jet flow = 22%
to switch (Q5 /Q1 )

5. BIBL IOGRAPHY

Warren, R. W., "Fluid Amplification - Part 3, Fluid Flip-
Flops and a Counter" TR-1061 25 August 1962, DOFL

Peperone, S. J., Katz, S., and Goto, J. M., "Gain Analysis
of the Proportional Fluid Amplifier," Fluid Amplification Symposium,
October, 1962, Volume 1, DOFL
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NOENmCLAIh

See figure A-3 for terminal numbering.

A Area

C Discharge coefficient

d Orifice diameter

a Gain

K Constant

P Pressure

AP, Pressure difference

Q Volume flow

R Recovery

I Ifficiency

Subscripts

1 to 5 Flip-flop terminals

o Output

arb, Ambient

c Control

N Nozzle

P Pressure

Q Volume flow

a Supply

sw Switch
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PART II.

STEADY-STATE LOOP TESTS

1. INTRODUCT ION

The operating principles of the binary counter under investiý-
gation ini this contract are explained in detail in the report
"Fluid Flip-Flops and Counter" by R. W. Warren 1 . For convenience
in the following disc)ission the key operating principles are listed
below:

(1) The successful operation of the binary counter depends
on the ability of a small induced flow in the loop (fig. A-13) to
guide the pulse stream properly in the correct direction.

(2) If there exist waves of sufficient magnitude in the
power stream, they must be attenuated to eliminate their effect,
acting as an undesired signal to switch the power stream from one
output to the other in the absence of an input pulse.

In order to get a better understanding of these principles
and to provide a basis for the development of an analytical
formulation of the input and output relationship, steady-state
loop tests, to be reported below, were carried out.

In this test the prime objective was to find out the amount and
characteristics of the small induced flow in the loop since the first
of the two key operating principles is totally dependent on this
flow. Though the wave phenomeno,. described by Warren1 was not in-
cluded in "his test--the test results give some clue to this question.

2. DESCRIPTION OF THE StEADY-STATE LOOP TEST ARRANGEMENT

A 0.120-1n. nozzle size, dual-input flip-flop of HKu design
was constructed and used in this test. This is the flip-flop to
be used in constructing a binary counter. The two control ports
were ccnnected with tygon tubing to form a loop. An orifice flow
meter was placed in the loop to measure the inducted flow. It is
evident that the orifice flow meter constitutes a load in the loop
and that the induced flow may vary with respect tn this load, there-
fore different size orifice flow meters were used. To vary the loads
at the outputs, several pairs of different size orifices were pre-
pared. These orifices can be inserted and replaced with other size
orifices at ease. Figure A-14 shows the details of tie orifice
adapter. The details of the test arrangement are shown in the
figures.

1JFL Report No. TR-1061, "Fluid Amplification--No. 3: Fluid

Flip-Flops and a Counter," R. W. Warren, 25 Aug 1962.
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A transition section was constructed and placed upstrear of
the power jet nozzle to insure the absence of large scale unsteady
turbulence in the power stream. It is important from the fiuid
dynamical point of view to provide a consistent approaching flow
of known characteristics to the power nozzle, especially in con-

nection with the investigation of the second key operating principle
described in the introduction. The detail of the transition section
is shown in figure A-15. In figure A-16 the dimensions of the loop
are shown.

3. STEADY-STATE LOOP TEST

ror the characterization of the induced flow in the loop several
variables are considered. They are the independent variabls which
can be varied ind.vidually under control, and the dependent variables
which we observe.

The independent variables considered are:

a. Output loads--denoted by d and dA, the diameter of
the orifices placed at the output channels Vand 4. The flow
paths in the flip-flop are numbered as follows:

SJ/4- Facing the cover

plate of the device

t. Load in the loop--denoted as "OFM 0.150," means
orifice flow meter of size 0.1'" in. in diam( Žr.

c. Power jet flow rate--denoted 'y Ql"

d. State of power jet--denoted by "State 3" and "State 4"
indicating the output throulrh which the power Jet flows.

The dependent variables considered are:

a. Entrainment flow--denoted by CI'

b. Static pressure at points in thi., flow ptth--denoted
by Ply P2 -- P5 "

c. Jet velocity at the exits of the output channels--,ienored
by V3 and V4.
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Several sets of test conditions were selected, and these are

summarized in Table A-1

4. TEST RESULTS AND DISCUSSION

(1) Characteristics of the lowest induced pressure at the
control ports. Referring to Table 1.1, when the loop condition is
"clamped,' the pressure at the control ports drops to the lowest

value for a given power .jet flow due to the entrainment of air by
the power Jet. This minimum pressure is a measure of the entrain-
ment capability of the power Jet.

Figures A-17 aicd A-18 show the pressure at the control ports
at various Q for chosen lcxds at the outputs and in the loop.

The following points are worth mentioning:

(a) Each of the figures iiidicates a clear trend of
decrease in pressure at the control ports with increasing QV"

(b) In changing the output loads d and d from 6.348 in.

to 0.398 in. the relation between lowest induied static pressure
and QI remains essentially the same. Therefore, the lowest induced

static pressare is determined practically by Q1 .

(c) The difference in the lowest induced static
pressure at the two control ports which may be called the "potential

maximum pressure differential," determines the potential inducible

flow in the loop. Tne size and length of the loop, and the design
at the pulse input will influence significantly the rate and pattern
of the induced flow in the loop. A plot of the potential maximum
pressure differential against Q, is shown in figure A-19.

(2) Characteristics of the Induced Flow in the Loop

When the clamp on the loop is released, the pressure
differential across the power Jet. is reduced from the potential

maximum value to a lower value as steady state is reached. At the
same time the induced flow begins o flow through the loop in the
direct on of decreasing 'pressure and reaches a steady rate. The
time in which the induccd pressure and flow ratr. reach steady-state
values plays an important role in determining the upper limit of

frequency of the binary counter.

In figurp A-20 th- induced flow is plotted against power
jet flow Q1 for different loads at the out., and the loop.

(a) The data indicait -, clear trend of increase i'n
with increasing Q
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(b) The degree of dependence of the induced flow on
the output loads is negligible compared with the effect of the
loads in the loop. Q1 increases with decreased load in the loop.

The load in the loop is dependent on the length and diameter of
the loop, and the size of the orifice used to measure the induced
flw.

(c) Referring to figure 2 in Warren's report', the
location of the pulse input port is in the middle of the induced
flow path. This means that in a multistage binary counter the
induced flow loop in each counter will not be entirely closed
from the ambient, except possibly the first stage where a va:v*

might be used. Entrainment through the pulse input port should
be fully utilized.

(3) The Symmetry of the Test Unilt

As noticed in Table A-l, one of the independent variables,
namely, the state of power jet is considered in order to test
the symmetry of the test unit. The results of careful dimensional
check disclosed that the tolerances are equal or superior to those
given on the drawing submitted by HDL. This is substantiated
also in the test results shown in figures A-17, A-18, and A-19.

(4) The turbulence waves in the power jet do no, influence
the steady-state stability with the output loads of 0.34 in. and
0.398 in. However, as the output loads d3.4 are reduced to smaller

than 0.325 in. the power jet is no longer bistable. The power jet
becomes divided into two streams and begins to oscillate at higher
rates ot power jet flow.

5. CONCLUSIONS

A test scheme has been described by which an estimittion of
the potential inducible flow in the loop-shaped passage of the
binary counter can be made.

Thm test results with 0.120 in. size (power nozzle) flip-

flop have been presented. Within the test range of velocity
(Ma-th No. > 0.3) an induced flow of 2-4 percent of the power of
jet flow exlnts in tho loop-shaped passage. In order to operate
the binary counter auccessfully the induced flow must be able to
direct the resultant flow (induced flow plus the input pulse) in
the correct direction. A further investigation of this interaction
is highly Jesirable.

1l Ib id .

52



.36 .36

low

Fiqure A-I. Critical dimensions of large scale IIDL flip-flop.

Nozzle width! 0.120 in.

Nozzle depth: 0.360 in.

53



It.

.. . . . . . .. .

*4It

777~ .++ . ....

U6

... .. . . . . . . . .... . . . . .... ,

I~~~ ~ .__ _ _ .. .4.... . . . . . . .. . .t .,. .....

. .. .. .. . . .

54.



41R SUPPLY'

Figure A-3. !-ine diaqram of test apparatus.

Leaend

S = Static pressure measuring Supply pressure, P1  5-45 in.
station 1120

U = Orifice location Nozzle velocit) -- 124-400 fps

IIW = Hlot-wire anemometer probe Power jet flow - -9.95-7 (M
location Mach number -(-,- ------- 0.1-0.35

FMi- Flow meter (orifice type) Reynolds number - - - - -- 7,440-

PR pressure regulator 24,(MX)
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Figure 4-14. Orifice adaptor.
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APPI IX B.-STEADY-STATE, SUBSONIC FLOW ISOLATION BY GAP

1. .AJT,,*OD1.TCTION

In designing a fluid circuit one is often confronted with
the complexity of analyzing the circuit as a whole. The problem
is, essentially, to solve a large number of equationssimultaneously.
The complexity increases in accordance with the number of com-
ponents in the circuit. If an efficient isolation device is avail-
able, it will permit us to break a complex circuit into a number
of simple individual circuits, and thus build a complex circuit
before the complex circuit theory is developed.

A simple, gap-type, isolator was investigated here. The idea
used is simply that by providing a gap of suitable size between
two components in the circuit; only the output flow of the driving
component can effictently jump across the gap to trigger the fol-
lowing component but the undesirable feedback is spilled out at
the gap. Physically, a gap-type isolator consists of a gap of
suitable size and a recovery port as shown in figure B-1. Accord-
ing to the situation in which the isolator is used, the isolator
can be either an independent component or integrated with the com-
ponent being isolated.

The configuration of the recovery port is important because it
is one of the factors that determines the flow pattern at the
isolator. Three representative types of recovery port configuration
were chosen in this study. In the following discussion, an isolator
is considered to consist of dimensions as given in figure B-1
(list 1).

The investigaLiIon was conducted with the attempt to provide
s -e design data as well as to bring out the basics of the flow
across a gap. The input and output of the isolator and the loads
used in the test were defined. Then the results were analyzed and
presented to show the relationship of input and output flow and
pressure with respect to the gap size and loads.

2. DESCRIPTION OF TEST APPARATUS AND ARRANGEMENT

The test apparatus is shown schematically in figure B-2. Two
pieces of brass tube ;'ith dimensions as given in the figure were
held together in a larger size brass sleeve. The larger size brass
sleeve wus perforated to give free escape paths to ambient atmosphere.
There were four static pressure taps locatcd at points 1. 2, 3,and
4 as shown in figure B-2. They were 1.5 in. from the ends of each
tube.
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The input and output flows were measured with venturL flow

meters as shown in figure B-3. Two flow meters were necessary
for covering t:he test range desired. In the test, there were
three loads used. The maximum load condition was obtained by

blocking off completely the end of the test piece. The m~diuus
and minimum loading conditions are illustrated in figure 11-4.

The pressure taps on the test tube were used to measure the flow

recovered at minimum loading condition.

3. DEFINITIONS

(1) ply P23 and P4 Static pressures (gauge)

measured at points 1 2, 3., and

4 (fig. B-2).

(2) P 5  Static pressure (gauge:, ca-ic,-
lated frem P3 and P 4at section

5D1 from recovery port.

(3) Q1l Q2 Volume rate of flow in the brass

tubes ups,ýream and downstream of
the gap.

(4) A AdL'ittance of a component as defined
in the following expre:ssion.

A- (Volume rate of flow through the component)
2

AP Drop in the total pressure through the component

Applying this definition, the admittance of the loads usei can be

expressed as following (fig. B-2).

Amaximum load = = 0

Amedium load ..

P5 +2 2

P oe'2 - Vy Yi
2

A oai 2 (2)Aminimum load_ - (2)T

Kr V2 Pa2
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When the end of the test tube was blocked completely the air flowed
through the gap. The admittance of the gap is calculated as:

V
V,. ___, BI' c18 4

Area of gap - rX

Average velocity of air through gap = Vg

gap =. y (3)

21 g

(5) Degree of feedback Zero degree of feedback refers
to a complete isolation of
flows upstream and downstream
of the gap, It was calculated from

Degree of feedback (1) = x 100
pV1,

2

or (P,) output blocked )utput open(Por. /dVutu,,pe x lO0

( j output open

(6) Total pressure The sum of the dynamic pressure

+ --) and static pressure.

(7) Stagnation pressure P3 or P4 when the end of test
tube was blocked completely.
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4. STEADY-STATE TEST

The variables considered in the test were:

(1) Independent variables

(a) Q, (or P1 , or P1 - P2 )

(b) Types of recovery port configuration - Type A
Type B
Type C

(c) End condition of the test tibe - open or closed

(d) Gap size, X

(e) Loads

(2) Dependent variabJes

(a) %

(b) P3 (cr P4 )

The test was designed to obtain the foll.owing information:

(1) Relationship oetween degree of feedback and gap size,
(X/f 1 ) for the three types cf recovery port configuration.

(2) Flow recovery. (,/Q 1 ) versus gap size, (X/DI) for the
three types of recovery port configuration.

(3) Stagnation pressure versus gap size.

(4) Flow recovery versus loads.

(5) Total and dyna"ic pressu:e recoveries with respect to
loads.

The results !-f the tests are presented in tho next section.

5. rEST RESULTS AND DISCUSSION

(I) The malti concern In this Investigation was to determine
the minimumg Kap size which would provide zero feedback. Ir figures
0-5. (a) a:nd (b), the test results are p,'-mented. For convenience,
tht degr,,,. of foedback wa! exprest.,d In terrs of perc,,nt of the
inpult dynamic pressure (OV1 /2, Three cur.ýe' represe.,tinU i.ach
type of rtcovery port configuration .hc.cd quite dtffereat character-
,stie's. rPor the ranlre of (X/•'# vuiues shcown. the debree of feed-
back in Type" A changed significantlv frc. a po-sitl€r to a slightlv
negative value At X/D1 ) - 0.6. Zero degree of feedback was obtained
-it 2.3$.
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For Type B, the feedback effect was negative for the
range 0.269 < :/r1 <' 1.67. This means that when the end of the
receiving tube was blocked, the static pressure P2 was reduced
from its value when the end ras open.

For Type C. the feedback effe- t was always positive.
Zero degree of :leedback was achieved at X/D1 = 1.0. The spread
of points at a given X/A4 value for one type reflects the influence
of V1 which was varied from 100 to 220 fps. (4,000 to 15,000 in
terms of ReynolIs number). Depending on the degree of isolation
and the other requirements of each specific case of application,
figures B-5(a) and (b) can be used as a guide for the design of
the recovery port configuration and gap size of an isolator.

(2) The flow recovery (Q,/Q 1 ) at various gap size7 (X/fj.)
for type A, B,& C is presented in figures 3-6 (a) and (b). The
overrll characteristics of each c,:rve in this figure was quite
flat for a considerable part of the test range of X/D,. Within
this range of X/D\ shown, the flow recovery was always slightly
higher than 0.7.

The difference axong different types was not significant.
Beyond the flat part of the curve a large drop in flow recovery
was observed for type A and B.

Figure B-6 (a) and (b) serve to show the relationships of:

(a) Velocity recovery, since

----- = • for same size tubing

V1  Q

(b) Dynamic pressure recovery, since
pea

= for same siw tubing

2

(3) Stagnation pressure recovererd versus X/DL for type A,
B,& C is %howr in figures H-7(ai) and (b), By knowi-g ihe stagna-
tion prensure recovered for different gap sirw.n a(r' typfem of

entrance configuration, we get a measurt, of the maxi tmuti total presnure

recovernblv as the ou,.pot flow, or the atmiItan', otf tht, load. ap-

proaches zero.

Stajrnatt hA pr..s-,urt. uas roormAl iY#- wIth resxc~t to the
input dynatilc pre,.sur•. TFhe resullts nre ,.htwn in i'i gures B-7(a)

and (b). The r~at'O l ), fh' rh-".•r1um vei,,ci , to mea:a v,.lo,'ity for
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a fully developed turbulent flow Is approximately 1.2. Thus, tLe
stagnation pressure would be about 1.44 times the input dynamic
pressure (pV, 1/2 if the gap sizes were within the core flow region
and there were no other effects. Referring to the curves showing
the stagnation pressure recovered in figures B-7(a) and (b), when
the gap is very small, the stagnation pressure recovered is greater
than 1.44.

The gap size plays an important role in determining the
downstream (recovery tube) pressure. For large gap sizes, the
downstream pressure is influenced by the atmospheric pressure in
the gap. But for very small gaps, the flow pattern is such that
no part of the "through" flow is subjected to atmospheric pressure;
thus, the upstream pressure becomes controlling. One might say
that pressure is "transmitted" downstream, and may be ltkencd to the
case of a small hole drilled in a pipe for the purpose of measuring$
static pressure. In the latter case, the effect of the "exposure"
to the atmosphere in governing the flow inside the pipe is
insignificant.

Another practical way to explain this phrnoinenon is
shown in the following sketch.

"" 2

For & lnrle h r r she :ta.arXt4h o
(-A- 3 to) -PSDi

P,/ P3  P4

(...~aa~ywachs o)LeaK

In the loiwer diagrar. the 'situati1Qn approxiaates 1hat of
a blocked pipe and P3 approaches P a
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(4) In figure B-8 the flow recovery (k-,/Q1) is plotted
against admittance of loads (Q•2 /fP) for X/i! = 1. In figure B-9,
the total and dynamic pressure recoveries are plotted with re-
spect to the admittance of the loads for X/D1 = 1. There -;ere
three loads used in the test as described previouisly. The ad-
mittance values of these loads were calculated according to the
definitions and experimental data shown in figures B-1O, B-11,
and P-12. Flow recovery increased as the admittance of the
loads increased. The shaded, rectangular areas represent the
spread of experimental results due to varying input pressure and
.-,,covery port configuration. As stated previously, figure B-8
ierves to show both velocity and dynamic pressure recoveries
iith respect to loads.

(5) As the admittance of the load increased the dynamic
pressure increased, but the total pressure recovered remains al-
most the same (fig. B-9). If there were no energy loss in the
isolator the total pressure recovery line would be horizontal.
Since the ratio of the maximum to average velocity in a fully
developed turbulent flow is abeut 1.2, then this horizontal line
should be at 1.441 on the ordinate as shown in figure B-9. The
net energy loss is represented by the distance between the con-
stant tctal energy line and the total pressure recovery line.
Por a given load with its admittance value known, figure B-9
shows the performance characteristics of the isolator, i.e.,
the efficiency, the static pressure and dynamic pressure
recovery.

(6) The relationship between the input total pressure and
output flow of the Isolator at two load levels are shown in figures
B-10, B-li, and B-12. These were used to calcu)ate the admittance
of the loads. Th3 gap size and the type of entrance configuration
were also recorded.

These r,_esults showed that the input versIs output
relationship depended very slightly on the type of entrance con-
figuration and XADi value in the range of test as shown in the
figures.

6. CONCLUSION

Steady state, subsonic flow isolation can be achieved by mtea.
of a gap of proper di:'erston along the flow chanrtI. In an axi-.
syrim•trical flow, an adequate isolation ef flow can be achieved by
providing gap size ranging from 1.0 to 2.38 depending on the reovery
port configurat ton. The cone shape recovery port reqt ire.i the
smallest gap size whereat. the fin:-! shape takes considerably larger
size gtp. On the b.sts ,of the fltm and pressure recoveries, and
thp gap size necessary for complete flow isolatlon, the cone ShApe.
recovery po-t is most attractive.
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The output characteristics of the isolators are also a func-
tion of the load. Admittance of a load as defined here can be
used to map the output characteristics of the isolator.

7. SUGGESTIONS

(1) A similar Investigation of the transient state would be
highly valuable and desirable.

(k) The direct application of the information presented
here to a two dimensional flow isolator needs additional investi-
gation.
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APPENDIX C.-STEADY-STATE CIRCUIT THEORY

1. GENERAL DESCRIPTION OF HDL FLIP-PLOP

The design of all fluid circuits used to perform logical
functions requires that under conditions of constant input each
element in the circuit shall produce a constant output. Steady-
state operation of a circuit involves a study analogous to
steady-state direct-current theory in electronics, where even
before the transient response Is considered, the D.C. levels must
be calculated, and suitable resistors used to ensure that all
stes.dy-state conditions are met.

The HDL flip-flop was the active
element in a binary counter circuit

Ro Ro employing delay lines and AND gates.
Figure C-1 shows the flip-flop
with equal orifice resistances placed

1> Bo on its output channels Ao and Bo.
A signal applied at Ai causes a flow
to switch from output B. to output
Ao. Conversely, a signal applied
at Bi causes an output flow to switch
from output Aoto output B0 .

Experiments have shown that the
Bi A sensitivity of the flip-flop depends

on the output resistance loads Ro.
A larger resistance, corresponding
to a smaller orifice, attached to

P each output leg of tha flip-flop
results in a reauced flow from one

Figure C-1. Diagram showing leg and reduced entrainment by the
operation of HDL other leg. As the resistance Ro is
flip-flop, increased the flip-flop becomes more

sensitive to a switching signal, and
the pressure gain improves.

When a certain critical vaiue of R0 is reached the flip-flop be-
comes unstable and oscillates even in the absence of an input signal.

2. THE EQUIVALENT AREA OF ORIFICES

A useful concept in determining the value of an orifice is the
equivalent area of the orifice. This is given by A in the expres-
sion:

0
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Where: q is the measured flow in mna/sec

A is the equivhlent area of orifice in in2

p is the total pressure drop across

the orifice in lb./in 2

p is the Oen.ity of the fluid in lb. seca/in4

The equivalent area specified in this manner is independent
of the fluid or the operating pressure used, and furnishes a
meaningful. figure of admittance for the orifice.

3. CIRCUITS CONSISTING OF ORIFICES ONLY

All steady-state fluid circuits may be reduced to:

A, lqq

A.3 v q3

A

Figure C-2. Orifices connected in parallel.

Referring to figure C-2,

q =q, + qa + q,3 + -. + q n

7 ?I -- /
AA, - + A. f .77. + As +.. + An!

22

T (-A + A2 + + ... + A
n,

Thus, the equivalent area A fotr orif Ices Al, X. , A0, A n
(fig. C-3) connected in parallel i., given b):

A pplrallel = 41  + +A ... A + A
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SA 2 v A A

Figure C-3. Orifices connected in qpries.

Referring to figure C-3,

P = P! + p% + P3 + n+ (1)

Since,

2p

p-
A2  2 (2)

Similarly,

p, -2

2 2

I oq
2

p-
A 22  2

P -I - Pe-

n -A 2 (3)

n

Substituting for pressure the expressiors (2) and (3), we obtain

I I q 1 2

' Al Al
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Thus, we have the following useful relationships for orifices
connected in parallel ana in series:

Aparallel Al + Aq + 4 + ... + An

1 1 1 1 1I+ +- + .+ +
(Aeres Al 029  A An

A single stage of the three-stage
binary counter circuit is shown

in figure C-4.

The input line receives a signal
from the pulse former of the
previous stage. This pulse is

8_( gated with a 1 1 at of the
two AND gates (7I or L2)depending
on the existing stateV the flip-

flop.

R 0If the flip-flop is in the reset

condition, such that there is flow
Q ) froe Lhe left hand outU, then

the level at AND gate (1) will
permit tne input pulse o switch
the flip-flop to its SET condition.
At the instant the flip-flop was
being set the input pulse arriving
at AND gate (2i' was blocked because
the other inp t to that gate was

Input It low. However, on being set, the

flip-flop stat"s sending a signal
along delay (4)but by the tin
thii bignal ri3 ches AND gate 2) the

Figure C-4. Diagramt of btnary input pulse has gone. The i -flopcorntara ofircui. will not be reset until the next
counter circuit.

input pulse is eceived,at which

time AND gate (2) w111 admit the

pulse while AND gate Qwill be closed.

Delays, a? 1 4 the~refore serve to hul~d up the output signal
at the AND s (1 Ind )2 urn til the inpuit pulse has passed.

The pulse fcrmirg AND gate permits a pulse to be generated
on,1v at the inst-nt when its inpQ,1t coincide. Since the output from

the sHe' side S of the flip-flop is held up by the delay, the inputs
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to AND gate 5' will not be exactly of opposite pha e. Thus, there
will be a peQId, equal to the deiay produced by () during which
both inputs to the AND gate will be high and the AITgate will generate
a pulse.

It car, be seen from figure C-4 that the output from each flip-
flop must be admitted by two AND gates in series in order to switch
the next flip-flop. Tests have shown that the pressure re~covery
from an AND gate whose output is required to drive two AND gates 's

approximately 50 percent, while the pressure recovery from an AND
gate whose output is required to switch a flip-flop is approximately

60 percent. Thus the contrc! pressure at the input to each flip-
flop can b., expected to be oi the order 0.5- 0.6 x 100 percent , or
30 percent of the available output pressure.

4. SELECTION OF EQUIVALENT AREA TO BE USED ON ixUL FLIP-?LOP FOR
RELIABLF OPERATION

Tests carried out on nine flip-flops of power nozzle width
0.030 in. showed that a pressure gain of better than 6:1 could be
obtained from five of then, when an orifice, of equivalent area
equal to 0.00414 sq in. was used. Tt was felt that since the re-
quired gain for marginal operation was a little over 3:1, a gain
of b:1 would result in reliable operation. An equivalent area
equal to 0.00414 in. was therefore selected )fr the ýutput load of
each side of the flip-flop, and the bleeds (7a and _J, shown in
fJgure C-4 were calculated to provide this eT~ective orifice area
when taken in conjunction with the remainder of the circuit.

The equivalent areas of all delay lines, flow dividers and AND
gates were obtained by experiment, and are shown in the following
table:

Table I. CalcuIatin of the Orifice Diameters in the
Counter Circuit.

Element (see figure C-4) Equivialent Area

AND gates 05E)C 1.484 x 10-3t n.2

Delay (6) 3.93 x 10-3 in.'

fleIaity3 -3 4.92 x 10- 1n.

Fl(w Div.ders ( 1(0 H.34 x 10 in' at each output

(I."s T t U,13. 1" Xi 10'%. lra1ght hrmg1i.

9. X I (O)-' in.2 right ,ng!i, turn

}ie .',alucs of 'hi' eq1u lenrit ',rlfi.';c arcas f,'r the, ii f!q-rvn#

,e, lt,, (,n ttih. sut ,'utpu*t s (f the lu-Il.,p are shhMnrI in fr Jg;ri

C-5.

! I0



--_:I_ Figure C-5. Diagram showing values of
A2 07equivalent orifice areas.

A2  •

9.1 ©1-1 11

13.1 3.93 1.484

8.34 ®9
qj

Pi

8.3Q

4.92 A, P 2  1.484

Note: All areas are multiplied by l0-'

The resistance At is calculated to give a pressure drop such
thp.the two inputs to AND gate 2 figure C-4, are equal when
high. To calculate Al it is nece sa r to satisfy the condition
that the input pressure to AND gatej2). Figure C-4 is equal to
the output pressure from AND gate (5'.

Since the output pressure from AND gate is 50 percent of
the input pressure we may calculate A1 and A • the network shown
in figure C-5 by satisfying the following two conditions simulta-
neously:

(1) The pessure pý is 50 percent of the pressure p1 "

(2) The network has an admittance eiual to that of an
oriflce of equivalent area 4,1t x 10-3 sq in.

Figture C-5 mav be simp lfitd as showi In f fiure C-6.

F ' ~ C-A. SImpl If le, dl (Igrkum

)f figure C--5.

I-t



Where:

1 _ 1 1
-+ + +

A? 8.342 4.92ý i, 2  1.4842

A4  = 8.34

1 1 1 11 - - + 1

k2 13.12 3.932 1.4842

At =1.381

1 1 1
+

A:j 9.12 A2 
2

where As and A, become the two unknowns.

A3 and Ak may now be determined from the equations:

A,4 A7

R~~A -Pi L VA-

A8

A3 2AA

IC



Solving these equatJons we obtain:

A1 = 1.89 x 10-3 sq in.

A2 = 2.002 x 10-* sq in.

Referrirg again to figure C-4, the two pressu'e levels at the
inputs of AND gate were to bp made equal wher high. It was
therefore necessary't'o place an orifice at such that its
equivalent area was equal to that of the del1Q tubing 0.

Having obtained he e4uiva!Jnt aas of t orfices to be
placed at positions (7] (8, (13, (1,and 5)9, results of tests

carried cut on orificWs odi tffeent ,zes were used to derive the
actual orifice diameters. These dia•.ters are shown in the foliowing

table:

Orifice Positicn Orifice Diamete-"
(in)

Bleed Q 0.061

Bleed 0.061

Restricior 1 0.057

Rstrictor 0.057

Restrictor 0.079

A 3-stage counter was then built using the dimensions for bleeds
and restrictors shown in table I. The counter operated as predicted,
thus confirming the method cf obta.nir-g the values for bleeds and
reý,!rictors described above.
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APPENDIX D.--SWITCHING TESTS

1. INTRODUCTION

An equivalent electronic circuit can be drawn for the pneu--
matic counter circuit under investigation, so that electronic
circuit analysis can be adapted conveniently to predict the per-
formance of the pneumatic counter circuit. The flip-flop is con-
sidered as a "black Box" in this approach; ottly the input and
output relationships are required, regardless of the exact switching
mechanism within this black box. It Is toward this ene that the
following sw.,.tching test was designed and carried out.

2. DESIU:• OF TME S•TVCHING TEST ON TKIE 0.030 IN. SIZE (0.030 T11.

X 0.090 IN. P(- R NOZZLE)

The switching test consists of two major parts; t13 test arange-
ments for each part are shown schematically in figures D-1 and D-2.
In each figure, the black box is shown to contain a flip-flop and
an extra length u, tubing for interconnection. The gap between
the control jet nozzle and entrance to the black box was kept con-
stant at 0.737 in. This gap is to be considered as a parameter
in describing the input to the black box, since the signal received
at the entrance to the black box varies with respcct to the gap
size. (See Apx B, Isolator Study.) Thus, the total pressure of
control jet Pc. the angular speed of the rotating disc w and the gap
size would be sufficient to characterize the input signal.

The first part of this report describes the test results in
which tne minimum total pressure of the control -jet P necessary to
switch the power jet (not repeatedly but only once) is characterized

by the parameters w (wheel speed) and 7 (pulse width). Since the
test arrangement as shown in figure D-1 provides a train of pulses
rather than a single pulse, it was impossible to avoid the inter-
action of the successive pulses in the train In this "silgle-switch-
ing test." 'n order to be consistent Through the test, a pulse
train which switched the power jet within 5 seconds after the ap-
plication of the pulse train was considered as the mtnimum total
pressure of control Jet necessary. This consideration is not neces-
sary in the dynamic switching test in which th2 power jet was switched

back and forth continuously. The power jet flow was kept constant
throughout the entire tests. It was cnlcula'ed froin a convenient

poýwer Jet average velocity of 250 fps. The output pilse form was of
no. conceri in the single switching test, therefore, it was not
measured.

In the second part of this report, the result of the dynamic
switching test is presented. In addition to the test arrangement

as shown iu figure D-1, (sci~llocopes. hot-wire probes and pressure
pickup were used. Figure D-2 shows the entire test arrangement.
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2.1 Description of Single Switching Test

The variables considered in the test were:

(1) Indepenu,,nt Variables

(a) Power Jet Fluw Q% (or PI) Test was done for

% = 4.67 x 10-
CFS (V1 = 250 fps)
only.

(b) Load on the flip-flop Test was done with
outputs no load and with

0.084 in. orifice at

flip-flop outputs.

(c) Pulse width, T Pulse width wAs varied
by both the angular
velocity of the disc

w and the ]ergth of the
slots 9 (the angle that
the radial lines con-

necting the center of
disc and edges of slot
makes).

Test was done with w
ranging from 0 to 65
revolutions per second,
and 9 for 10, 20., and
45 degrees.

(2) Dependent Variables

(a) Minimum total pressure of control Jet P

The test was designed to obtain the minimum total
pressure of control Jet P tto switch the power Jet in a fixed length
of time (in 5 seconds here) at various 4 and w (or T) values.

2.2 Results of Single Switching Test

In figure n-3 the minimum total pressure of control Jet
P is plotted against zhe angulpr velocity of the dJisc w for three
different discs wl.th 10-, 20-, and 45-degree slots. Increase in
j) required higher value of P . Also shorter slot required higher
P. c

C
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Figure D-4 was reduced from figure D-3. Reading from
figure D-3 the values of P at w values of 10, 30, and 50 revolu-
tions per second and plotting the relationship between P and T,c
we find that the points fall on a single curve as shown in figure
D-4.

When the flip-flop was loaded with 0.084 in. orifices
aL the outputs, the minimum total pressure P required to switchC
the power jet was reduced slightly except at smSll values of T.
This is shown in figure D-5 in which P versus T for both loaded
and unloaded conditionr are plotted for comparison.

2.3 Description of Dynamic Switching Test

The variables considered in the test were:

(1) Independent Variables

(a) Power jet flow Test was done for
Q, (or Fý) Q, = 4.67 x 10-3 CFS

(V1 =250 fps)only.

(b) Lead on the• flip- Test was done with no -load
flop outputs and with 0.084 in. orifices

at flip-flop outputs.

(c) Pulse width, T Pulse width was varied by
varying the wheel speed
of the 10-dcgr'ee disc.

(2) Dependent Variables

(a) Minimum total pressure of control jet P .

(b) Characteristics of the output signals of the
black box.

The transient part of the output signal can be
described by its delay time, rise time, and the shape of the leading
edge.

The steady state part of the output signal is
described by It,. amp) itude.

The test arrangement is shown In figure D-2. The
traces on the ouicilloscopes were recorded with a Polaroid camera so
that all depe:-dLnt variables described above could be determined
from these photographs.
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2.4 Results of Dynamic Switching Test

Thre- sets of photographs were taken at values of T equal
to 0.89, 4.00,and 7.45 msec. In the 4.00-msec set, the flip-flop
outputs were loaded with 0.084-in. orif.cen to see the change in
the output characteristics. Also, the hot-wire probes were placed
upstream and downstream of the orifice load. In short, we have
three sets of photographs obtained under the following test
conditions:

Set 1 T = 0.89 msec, unloaded

Set 2 T = 4.00 msec, unloaded, and loaded (hot wire
placed upstream and downstream of orifice
load).

Set 3 T = 7.45 msec, unloaded

In each set we have taken three photographs showing:

(1) The power jet being switched back and forth
cleanly,

(2) A complete cycle of the traces, and

(3) The magnified transient portion of the traces.

The firs. two photc 1hs were taken for the purpose of
supporting the third photograpt, in order to be sure that each set
of photographs was taken under the same dynamic test conditions.
The zeasurements can be taken solely from the third photograph, and
therefore only ihe third photographs in each set are presented in
the following pages.

3. CONCLUSION

The input and output relationships described in the previous
photographs showed quite different characteristics depending on
the input s7ignal to the black box as well as the point of measure-
ment of the output from the black box. The photographs serve to
Indicatc the general types of variation of the input and output
relationships; the corresponding electronic circuit may be drawn to
give the!;e characteristics.

As the reed for more extensive data arises the test scheme
described in ths report can be us,'-' to provide this information.
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1st Set

- 0.89 msec, unloaded

Upper trace: Output 3, Time scale 0.5 msec/cm
Ampt. scale 0.2 v/,cm

Lower trace: Input 5 Time scale 0.5 mse'/cm
Ampt scale 2.0 v/cerr

Power jet flow 0.00467 CFS (V1 = 250 fps).

10-deg disc, rotating at u) = 31.2 rps.

Ptuak value of input velocity reduced from hot-wire probe
at 5 (lower trace) was 108 fps.

MinimuM total pressure of k,,trol jet = 29.15 in. WG.

110



2nd Set

.T = 4.00 msec, loaded, not-wire at downstream of

orifice.

Upper trace: Output 3, Time scale 0.5 msec/cm
Ampt scale 0.5 v/cm

Lower traco" Input 5, Time scale 0.5 msec/cm
Ampt scale 2.0 v/cm

Power jet flow = 0.00467 CFS (V, = 250 fps).

10-deg disc, rotating at w = 6. 5 rps.

Peak value of input velocity reduced from hot-wire probe
at 5 (lower) was 37 fos.

Minimu:n total pressure of control jet 10.7 In. WG.
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2nd Set

T - 4.00 msec, loaded, hot-wire at downstrean of

orifice

Upper trace: Output 3, Time scale 0.5 msec/cm
Ampt scale 0.2 v/cm

Lower trace: Input 5, Time scale 0.5 msec/cm

Ampt scale 0.1 v/cm

Power Jet flow = 0.00467 CFS (V1 = 250 fps).

lO-deg disc, rotating at _ = 6.95 rps.

Peaik value of input vel,-ity reduced from hot-wire probe
at 5 (lower trace) was 37 fps.

Minivmm total pressure of control Jet = 11.1 in. WG.
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2nd Set

T f 4.00 msec, loaded, hot-wire at upstream of
orifice

Upper trace: Output 3, Time scale 0.5 msec/cm
Ampt scale 0.2 v/cm

Lower trace: Input 5, Time scale 0.5 msec/cm
Ampt scale 0.1 v/cm

Power Jet flow Q = 0.00467 CFS (V1 = 250 fps).

lO-degdisc, rotating at uu = 6.95 rps.

Peak value of input velocity reduced fi'om hot-wire probe
at 5 (lower trace) was 55 fps.

Minimum total pressure of control jet "1.1 in. WG
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3rd Set

S= 7.45 msec, unloaded

UDper trace: Outpu: 3. Time scale 1.0 msec/cm
Ampt scale 0.2 v/cm

Love;r trace- Input 5, Time scale 1.0 msec/cm
Ampt scale 2.0 v/cm

Power jet flow , 0.00467 CFS (VI 250 fps).

10-deg di.c, rotating at W = 3.73 rps.
at 5 (lhywer trace) was 37 fps.

MinliMuM total presstre of control Jet = 7.5 in. WG.
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Rot4tni
disc

Pco (ttL pres;aui..o)

Figure Dl- I, Arrargemelit 11sted for the~ sinrgjt e- sw I (11

test.
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1. 4SUMMARY

After the development of a satisfactory D, circuit theory for

fluid devices, the next logical step is the development of a workable
AC fluid circuit thc'ory.

This analysis shows that fluid circuit theory may be treated using
the same general apprtach as electronic circuit theory, provided
certain frequency requlrements are met. Essentially the approach
is tu idealize the circt lt into linear and nonlinear elements
whose response is invarient with respect to frequency, together
with linear inductive an,1 capacitive elements. The nonlinear
elements are then idealiied into piecewise linear elements, and
an analytic solution is aj.),lied over the linear regions, such that
all boundary conditions ax satisfied.

2. UNIVAC UNITS AND TERMS

FORCE

It is proposed to use the POUND WEIGHT as the standard unit
of force since this is thb unit most commonly used in mechanical
engineering.

LENGTH

The ms.nufacturint, industry in this country uses the INCH as
the standard unit of length, and since our pneumatic devices will
eventually be specif.ed in in. for proluction purposes, it is
proposed to use the INCH as the standard of length. This unit is
commonly used with the engineering unit of force, the pound.

TIME

The SECOND will be used as the unit of time, since thir is
almost universally recognized as the standard unit.

The following tablv showa the units we shall use:

Term Unit Name Abbreviations

lbf
Pressure (gauge) n.7 psi p

in.3

Flow in.3  cis Q
sec

psi
Inductance 

psi
(cis/see)

Resistance psi

( inear)

cis
Capacitance (psi/sec
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3. THE FLUID-ELECTRICAL ANALOG

In deriving the electrical analogs of inductance, resistance,
and capacitance it will normally be assumed that flow Q is equiv-
alent to electric current i, and pressure p is equivalent to
voltage e. With these assumptions we may formulate the following
pairs of relationship:

ELECTR ICAL PNEUMAT IC

Inductance L e = L dip=L dQ
dt dt

Resistance R e = R i p = R Q

Capacitance C e= - i dt p ' Q dt
c ~c

4. FLUID CIRCUIT THEORY

A pneumatic circuit normally consists of a nunber of active
and passive elements wiLh interconnections.

Although most pneumatic elements have essentially nonlinear
performance characteristics, there are certain conditions under
which the characteristics of some passive elements become close
to linear.

When the required conditions prevail we may design circuits
consisting of linear pneumatic elements which have characteristics
equivalent to the electrical terms: INDUCTANCE, RESISTANCE, and
CAPACITANCE.

Fortunately the conditions for linear performance are compati-
ble with the requirements of low power and miniaturization. We
shall examine these conditions for the three types of element
separately, since some elements require more restrictive conditions
than others.

4.1 Inductance L

By definition, we may state the inductance L of a
pneumatic iirc as fo:.'ws:

L P

dt

where p is the pressure' difference at the ends of the line, result-

ing from a rate of chang'e of flow d__4 in tti. line.
Ct
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Since air is compressible, the assumption that Newton's

Law may be applied to the whole mass of air in a pipe is not

strictly valid. However, if the acoustic wave length is long com-
pared with the length of the pipe, and if the changes in pressure

are small (say less than one tenth) compared with the absolute
pressure, then the assumption of incompressibility may be applied

as follows:

Let:

Cross-sectional area of pipc = A in.

L.ngth of pipe = I in.

Pressure at outlet of pipe = Po lbf/in. 2

Pressure at entrance of pipe = P1 Ibf/in. 3

Density of air at pressure p = P lbf/sec2 /in. 4

Velocity of air in pipe = V in. /sec

Floy of air in pipe = Q in. 3 /sec

Then from Newton's Second Law of Motion:

dV
A(13 - pc) = p(A.1) •-T assuming 00=

"* d Q

PI - p 01 - (- )

• 1 -__o__-._f (1)

A
(Tt)

Equation (I) expresses the pressure difference at the
ends of the Dipe resulting from unit rate of change of flow. We
shall. therefore, define the inductance of a pipe as

L = Q-! Ilbf secc

A In.

4.2 Resistance R

By definitlon %e may stut, the resistance R of a

pneful a t tIc eiement as follmws-

R = 1- 
(2)

Q
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where p is the pressure difference across the element resulting
Zrom a constant flow Q through the element.

For the resistance of an element as defined by equation
(2) to be constant there must be no loss of energy due to
turbulence.

An element which satisfies the conditions rL~uired for
laminar flow will have a constant resistance since the only losses
will be those caused by viscosity. Such an element may be designed
by stackIng thin-walled capillary tuting parallel to the direction
of flow of the air:

Let:

Length of each capillary tube = 1 in.

Internal diameter of each capillary
tube = D in.

Number of capillary tubes in passage = N

Viscosity of air = - lbf sec/in. 2

Ratio of total area of cross section of
tube passages to area of main passage= K

/v 1vII

Consider the elemental thiti cvylnder of radius r atnd
thickness 6r.
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Let the velocity of the air at radius r be v then the

velocity gradient at this radius is d-
dr

Equating the forqes due to the preslsure lifference
(P1 - Po) acting on the ends of the solid cylinder or radius
r to the force imparted to the curved surface of the solid
cylinder by virtue of the viscous shear stress in the enveloping
thin cylinder we have:

Force due to pressure (Force due to
ifference between ends viscous shear stress

~ of solid cylinder of J+jjn thin cylinder of =0
radius r. adius r. J

dv

"p(P - P0 ) nr + P dv 2yTrl1 = 0

0 ~0 Fdr+
• dv 2( Po) r

V ! v Po= rdr + A

22

V' v f_-(P61 - PO) '72 + A
2l1, 2

when r = r. v = 0 since the velocity of a fluid at a

sta•-:-.•ry wall must alY'ays be zero.

A 21iV 2

thus:

V b. - Po (r. - r2) in./sec.

Let the flow through the tube be q in.3 /sec, and lot the

flow due to the elemental cylinder be 8q.

then bq . v (2rr) 6r In. 3 /aec.

ro0
q -j 2Tvrdr
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- - )T ro (r 0 r - r3) Ir
2 p. 10

(P1 - P) 1 in.a/sec.

Since there are N tubes

Q Nq

S". we may express the total flow through the resitýance

element as:

N(p1 - p0 ) ri

1 2 8 pl1

There fcre,

(PI - o) 28 pl, (2)

Equation (2) expresses the pressure difference btetween
the ends of the capillary tubes resulting from unit flow.

'e shall therefore define the ri,,sistance of a stack of
capillary tubes as:

l28j lb sec
R-=

weTD in.6

provided the following two conditions are met:

Reynolds Number condition

g (max) D < 2000

KA p

Compatibility condition:

ryIN - KA
4

where K < .75



4.3 CAPACITANCE C

By definition wc may state the capacitance C of a
container as follows:

C
dp

where Q is the flow into the container, resulting from a rate of

change of pressure-d Pt the opening of the contatner.
dt

For a container to have capacitance we depend upon the
fact that air is compressible.

Let

Volume of container = V in. 3

Absolute pressure of air at any lb

instant -n-.

Assuming that the air is compressed into the volume V
adiabatically %e have:

W 4I z C

Bulk modulus of air = change in pressur%.
change In volume

per unit volume.

change l. pressure dP -1.4 C
chanige in volume dV

-d..4-
V

since the velume V is unity, the bulk modulus is 1,4 P lb/in".

If the changes in pressure P, - P are small cormpart.d with
the absolute pressure PC) w, may assume tha? the bQlk modulus is a
constant

K = 1.4 P() lb/lin

Thus, a volume V of air when subjected to i rate L0 change-
,-f pressure dP/dt will change to a volume V * AV after a time

5t, thus:
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V + 6V = V + I.4----- V (t

Now

6v _dV

8t(t - o) dt

Thus,

__1 V (3)
(dP\ 1.4 P

kTt)1.4P

Equation (3) expresses the flow resulting from unit rate
o.1 change of pressure _t the entrance to a container. We shall,
therefore, define the capacitance of a container as:

1 in.6C - V - -

1.4 Po lbf

Thus, we have defined inductance, resistance and capaci-
tance for passive pneumatic elements operating under conditions
whi(& permit the use of linear approximations. Under these con-
ditions the values of the inductance, resistance and capacitance
of the three types of element may be expressed as follows:

K Ibf sec2

INDUCTANCE L I A ins.e

L lbf sec

RESISTANCE R KR 1idU in.s

R NV*in. 5

CAPACITANCE C K V -
C lbf

The values of L.' K Rand K have been calculated for air
at 20 0 C and 14.7 lb/sq in. as follows:

Sibf seecKL = 1.1]3 x lO--in.
L in .4

KI= 1.07 x 10-7 lbf n•see

K = 4.85 x 10-2 in.2
C lbf

mp w w •m m m mm • m • m -



5. ELECTRICAL ANALOG OF FLUID CIRCUITS

Inductance Element L-This element may be replaced by an
electrica) inductance with no further change in the circuit except
when the acoustic wave iength is of the same order as the pipe
lengths under consideration.

Resistance Element R-This element may be replaced by an
electrical resistance with no further change in the circuit.

Capacitance Element C-This element must be replaced by an
electrical capacitor to ground as indicated below.

R PL R ei R R eo

Qi Q

p . e

Q -b

Pn.u=matic Circuit Equivalent electrical circuit

6, CIRCUIT ANALYSIS

We sha!l apply the voltage-pressure analog to show how the
transfer function for a simple pneumatic LRC network may be ob-
tained by reference to the equivalent el•ctrical network.

1 ,1. 9



-, - -"-- C c o -

Actual pneumatic circuit

L ___17

Idealized pneumatic circuit

L

04

Equivalent Flectrical circuit

The circuit equations may nw be •oJv-v using Laplace
transforms:

Ij ,L + ~) - 12

0 = S6 + 12 (R + 7H(1)

.o0 = I 2R
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These equations may be rewritten:
where

81 b, C1 0 Fj a,=-1; bl= :L+ -; C L- C

0 b 2 C2 0 1 o- , Sc + S__

o 0 c3 dN 1 i= -FI 0
OR

i, 1 ,o Ig (2)

I2 0 f2 0 0

L E o 0 0 921

where e = -b = "-

2b2 C3

C2  d3

The signal flow graph corresponding to equatiLis (2) i1, as
follows:

0-- 3 ... W .0E; e. ,I-o
0

and the graph transmittance is

E0 e, f 2 g9  (3)

Ei1 1 - f 2 qj

Making the appropriate substitutions for el f. g1 g2 in terms
of L R and C, we obtain the transfer futiction for the circuit.
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It shculd be noted that the inverse Laplace transform of E°

corresponds to the pressure po iii psi expressed as a function of

tim•e when a step input Pj is applied.

If the uutput ilow is required then we use the graph trans-
mittance:

10 62 fe___

S- g in place of (3)
Ei -l_ g,

If a constant current input is applied in the form of a btep
function, then we may make either of the following two assumptions:

(1) Tho inductance L is negligible

In this case the signal flow graph reduces to:

91

B 0

and the graph transmittance becomes:

Eo fQg9

I7 1 - f2g1

(2) The inductance L has associated with it a small but not
negligible capacitance C1 .

To solve this problem we must first redraw the equivalent
electrical network. If capacitance C1 is small compared with C
it will be a reasonable approximation to assume the following
equivalent electrical network, where C, '3 the lumped capacitance
of the line L.
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L

S - _- - - -

0 = f+ 11 SL ÷-'-+S -12 '
\Sc S sc

Eo =1 2 R

Since EIis not required we may eliminate the first equation.
The remaining three equations may now be written in the form:

a, b, c, 0 it

0 b 2 c 2 0 1, 0

LO 0 C d3  12

OR

FI2]4- gaO0 11Iii4

- -. E 0

The signal flow graph corresponding, to equti.1ns. (4) is as follows:

13,3



and the graph transmittance is

0o el f. ga
S= (5)

It will be noted that the forms of (5) and (3) are identical,
however) the branch transmittances e1 and g, will be observed to
be different for the two transfer functions.

7. LINEAR APPROXIMATIONS FOR THE ORIFICE RESISTANCE ELEINTr

The pressure loss across an orifice is due to the dissipation
of the kinetic energy gain as the air is accelerated from plane A
to plane B, as indicated in figure E-1.

_._. .LzA_,,/ .< / / 7_/ 'o/,PiA

.00e -. - -7

- - F- -

__ _ _ __ _ _ - ' .1 , 7t

--i!1
7 /.-- ,./

Figure E-1

Since the loss oi energy due to turbulence is negligible
between these two planes, we may apply Bernoulli's equation as
fol lows:

+ + -

0 2 0 2

where the density 0 is assumed constant.
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Velocities v, and vo are related by the continuity equation:

4 4 CVo0  4

where Cc is the contraction coefficient for the orifice, %4 and

Do are the diaaiet,:.rs of the pipe and the orifice re3pectively.

Thus

V2( Pp- Po

V0  -

14k/

This result gives the ideal velocity at the vena contracta.
Multiplying by the velocity coefficient C v we obtain the actual
velocity vo2

(12 (p1 - po)
S=

The product vo' Cc Ao, where Ao is the area of the orifice,

gives the actual flow Q thus:

2 (p 1 - po

Q =Cv Cc A

When the orifice diameter is small compared with the inner

diameter of the pipe we may neglect the term C - ar.d the

expression for flow n;ay then be reduced to:

Q / Cd AO (6)

where Cd = C C the coeffictiet of d1:.charge.
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Equation (6) may therefore be evpressed in the form

p1 - P =0 0  q2 psi

For air -it .+PC and 14.7 psi the value of y, is fcind to be

0.146 x 10- lbf sec2

in.
4

Thus, for an orifice resistance we have:

P, - P0  0.146 x 10-0 lbf sec2

Q2  e in.a

We may define the crifice resistance coefficient K as follows:

K p psi

Q2 (cis) 2

where p is the pressure drop acrcss the orifice resulting from
a flow Q.

Since the relationship between Q and p for an orifice is non-
linear we shall approximate to a piecewise linear circuit Ls shown
in figure E-2.

P

E'I

/ I "

/,

,0 n

Lei the estitmater! maximum flt(,w through the orifice when operating
in a cir-uilt .e Qt , and let tht c'trr.spondlng pre'surv Irop across
the orifl.-r bt .

13 r,



Figure 1-2 shows the i~elationship between p and Q for an
orifice. We may reduce the parabola 06 to two linear portions
OA and AB such that the area under the parabola is equal to the
area under the linearired approximation to the parabola as given
by the line OAB.

Since p z UP~ the area under the parabola between the limits
o and Q. is:

fo p dQ

f KUPdQ

1- B
3

This area must be made equal to the area of triangle ABC

P*Q (Q 4 1

* Q,= Qs

We may now obtain the equation for the line AD an follows:

The equation of the line AB will be of the form:

p = QR + B

where

R and B *Ar- coistents.

when p 0 Q I Q
3

when

Thus, we may solve the two simultaneout equatio~ns:

ps QaR t B()

0 a j-QsR 48 (2)

to obtain the. constants Rt and R.
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Subtracting (2) from 0.)

2
Ps 3 QsR

3Ps
R 2Qs

Substituting for R in 2;

1 3ps
3  2Qs

1
- 2 Ps

Thus., for the portion of the iinear approximation between

-I Qs and Qs, we have:

P= 2L Ps ) Q 2 Ps

The complete linearized expression for pressure as a function
of flow may be expressed as:

s Qs
P= + -ý Q- P

Q--o Qs 2 •Q

An equivalent piecewise linear approximate circuit is sho' n
in figure E-3.

Figure E-3
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The switch S is set to switch from pole 1 to pole 2 whenever

the input current i exceeds - i s where i is the current re-
3 3

quired to switch the driven device in the analog circuit.

2 Q

and 1
Vb - 2 PrsPs s

where ps is the pressure drop across the orifice caused by a flow

Qs.

Thus, the cii ,it shown in figure E-3 is the voltage-pressure
analog e]ec~trical circuit corresponding to an orifice operating

under conditions of ilcw Q such that 0 < Q < Qs, where Qs is the
orifice flow required to perform a switching function in the

circuit.
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APPENDIX F.-TRANSIENT CIRCUIT CALCULATIONS

T. D. Reader

1. TRANSIENT STATE CIRCUIT THEORY

The approach to the solution of the problem of dynamic per-
formance for fluid logic circuits is essentially as follows:

(1) The fluid circuits are idealized into linear and non-
linear elements such that while the linear elements can be capacitive.,
inductiveor resistive, the nonlinear elements are either resistive
only, or are pure switches which close after a specified delay.

(2) The equivalent electronic circuit is drawn based on
measurements taken from tests on the actual fluid elements.

(3) The resistance elements are then linearized by calculating
the equivalent linear resistance satisfying the steady-state
condit ion.

(4) An analytic solution is applied to the idealized circuit
using linear network analysis and synthesis.

2. EQUIVALENT CIRCUIT FOR THE HDL FLIP-FLOP

The idealized equivalent electrical circuit shown in figure
F-1 was assumed for one output leg of the flip-flop.

The switch S is assumed
S L. to close at the instant

Swhen the control pressure

PC reaches the pressure re-

I quired to switch the flip-j C - R1 P flop.

A PC With the output load R known.,
-A values of L and C were ob-

tained from a synthesis of
the network. The procedure
was to obtain the experi-
mental response of the flip-
flop to a control puise, and

Figu.e F-1 then to determine by calcula-
tion the values of L and C for
which the response of the
circuit shown in figure F-I
most closely approximated
the actual flip-flop response.
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3. SYNTHESIS OF AN EQUIVALENT L-R-C CIRCUIT FOR THE FLIP-FLOP

L

C

Figure F-2

The transfer function for the circuit shown in figure F-2
was obtained by the method of Laplace transforms, and is giv--n by:

P0(s) R

P 1(0 RLCs 2 + Ls + R

If Pi(s) is the step function p then the output p may

by expressed Ps a function of time in terms of LRC and Pi as follows:

PO2RC 2RC 1 (

-sina --

LCL fR ~ 2 L R

(2)
Where pi is a step input at t = 0

This expression may be simplified by making the substitutions:

K

2K C (3)

and

Wu 1- ( (4)
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The output p0 may now be expressed as a function of time in
terms of 1c; values K, w and p as follows:

PO -Kt IKt

- 1 - e {coswt + - s iwt• (5)
Pi fW

A typical respon'se to a control signal given to the HDL
flip-flop is shown In figure F-3. Values of K and w were obtained
by a method of successive approximation, and the calculated curve
is shown superimposed on the experimental curve.

% of maximum

100 - -_-_- --__ -

80 ,, -- -- Theoretical

/ ~-Expe rimental.

60

40

20 - __

0.
0 .5 1 1.5 2 2.5 3 3.5 4 4.5 5

Milliseconds

Figure F-3

It can be seen that agreement between the two curves is suf-
ficiently good to permit the use of the equivalent circuit in cal-
culations involving the response of a flip-flop.

The analytical expression which agreed most closely with the
experimental results was:

P- = 1 - 0-l1457t (cos i,317t + 1.11 sin 1,317t) (6)
Pi

whero
t is in seconds.
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4. EXPKRIIT•AL COFIRMATION OF THEORY

In order to verify that the circuit theory derived in this
report is valid over a us."ul range of operating frequencies it
was decided to set up a binary counter stage so that it was free
to oscillate at its natural frequency.

The actual circuit used is shown in figure F-4.
R,7
-R, a RV

DD Delay Line

R3  A, A2  R3

R2  Power

Figure F-4

Input P was maintained at a constant signal level, so that the
feedback from the delay lines D, and N could be transmitted by the
AND gates A, and A. thus causing the flip-flop to multivibrate.

The values of L and C in the circuit shown in figure F-2 were
first obtained then the remainder of the circuit was incorporated
into a complete electrical analog of the counter element. The cir-
cuit which represents the load on the left hand output is shown in
figure F-5(a), and the equivalent electrical circuit is shown in

ligure F-5(b). The delay line tubes of the fluid circuit have been

simulated by means of the LC ladder network shown

R,
Figure 7-5(L)
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C, _L _ _,LI L, R3

II

Figure F-5(b)

The circuit which represents the load on the right-hand out-
put is shown in figvre F-C(a) and the equivalent electrical circuit

is shown in figure F-6(b).

D 3 ;4.

Figure F-6(a)

. L. L L R3

72
C F CC

L L LA. LI L . L Z.

Figurr, F-6(b)
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Sp I- C
l~zL.2• L l L•

CC

Figure F-7

The complete flip-flop oscillator cani be represented by
means of the electrical circuit shown in figure F-7.

The input delays D reprebent a delay in the switching action
of the flip-flop. This delay 4s determined by the strength of the
input signal.

5. DETERMINATION OF EQUIVALENT CIRCUIT PAR.METERS

Values of L and C were obtained from a series of tests
carried out to determine tl. response of the flip-flop under dif-

ferent loading conditions. The values of the remaining components
in the circuit were obtained by direct measurement and calculation.

6. MODE OF OPERATION OF THE CIRCUIT

Referring to figure F-7, let us assume that switch S has Justa
closed. Then the effective tupply pressure pi will cause an increas-
ing flow in the circuit, corresponding to the load attached to the
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output leg A of the flip-flop shown in figure F-4. When the pres-
sure drop pa across the resistor R reaches a value such that the
input signal Kpa can close the switch Sb and !ilmultaneously open
Pwitch S., the flip-flop will switch, and the output pb will begin
to rise while the output Pa will begin to ft 1. Similarly when
t.he output pb reachcs the required switching value the flip-flop
will again change state. In this way the flip-flop circuit will
operate as an oscillator.

7, MATUM TICAL SOLUTION

The Laplace transform for the combined f.lip-flop and load
Is given by:

POWs Ro- (T + Fi)F

(% ~+ 1 ( LR~i Ls + R) (7)

where

T is the switching delay time

Ld is the lumped inductance of the feedback delay line

Cd is the lumped capacitance of the feedback delay line

From (7) the output from the delay line may be expressed as a
function of the circuit parameters and the input function by means
of the transformed expression:

pl (#)Rso) e(T + Ad•d) a

Po(s) = (8)

(% + ) (RLCs2 + LS + a)

In deriving the transformed expression corresponding to the
flip-flop output, It was assumed that the input P1 (s) was the step
function Pt (1/0). Thus, the output of the delay line may now be
expressed in terms of the Input signal p, as follows:

-iR_(T + Vk;d)s

Pb(q) -(9
Pb() a(% + %)(R•Lca + La + R) (9)

Taking the Inverse laplace Transform of both sides of expres-
sion (9) we obtain an expression from which the half-cycle time
may be calculated:
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FýP1 2 U(T) 1~2~cs 1 ik2

11 -
P b = P49 + R3 e 2- e Cos/ ( 2-•c T"

+ ____ sin' T (10)

/ :LC/ : 2RCR

Where

Tt-T /LdCd (11)

It now remains only to determine the values o: the parameters
in expressions (10) and (1H) in order to specify completely the
output pressure Pb as a function of time t neasured from the instant
the input signal pressure KPa reaches the value required to switch
the flip-flop.

8. !)ETRMINATION OF CIRCUIT PARAMMRS

8.1 Linear Resistances

In determining the diameters of the bleeds and restrictors
(appx C) use was made of the concept of an equivalent orifice area
A defined as follows:

q = A 2

where
q ts 'he meaaired flow in in. 3 /sec

A is the equivalent area of
orifice in In.2

p is the total pressure drop
across the orifice lb.!in. 2

t is the density of the fluid in lb sec2/in. 4

In order to use the Laplace, transform it Is necessary to
idealize an orifice as a linear resistance. The principle function
of resistive elements, whether linear or quadratic. Is to satisfy
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the steady-state requirements for stability anid gain. Under

transient conditions, the inductive and capacitive elements are

of primary importance, because of their phase shift effects.

Since the steady-state conditions must be met it is neces-
sary to simulate an orifice by means of an equivalent lirejar
resistance across which the pressure drop is the same as for the

orifice when the steady-state flow is maintained. Let this flow be
q, and let t-i. resulting pressure drop across an orifice of equiv-

aJ.3nt are, ., be P,.

Then using expression (12):

q1  =A - (13)

A linear resistance R will satisfy expression (13)
provided

R P1 (14)q,

The resistance R may alternatively be expressed as a
function of the pressure drop p1 and the equivalent orifice area

A by substituting in (14) the value of q, given in (13):

R /!j- (15)

Expression (15) shows that the effective linear
resistance depends -tot only on the equivalent area of the orifice

but also on the steady-state pressure drop across it.

8.2 Feedback Delay Lines

The inductance Ld and capacitance Cd for the feedback

dolay lines were obtained frcm their dimensions using the folloving
t heoretically derived formulae (Apptendix E)-

gdl 1 lb sec (16)
inductan¢c A in.6

Cupacitance. K V i-n- (17)

C lb
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where

I is the length of the feedback delay line

A is its cross-secti',nal area

V is its internal volume

Values of the constants K.L and K for air at 20 0C and
14.7 lb/sq in. are:

KL = 1.13 x 10-7 lb sec 2

in. 2

K = •.85 x 10-2 in

C l

The dimensions of the feedback delay lines were:

Length 96 inches

Internal diameter 0.173 inches

Using expressions (16) and (17), the following vali,1 s
were obtained:

L = 4.65 x 10-4 lb sec2  (18)d in.6

C = .109 In (19)

d -lb,

8.3 Switching Deiay Time

This time was measured by means of hot-wire anemometers.
A signal equal to the calculated input pressure was applied at the
control port of the flip-flop and the lead time was measured by
comparing the input and output stgnn,!s diEpl*.yed on a dual-t-ate
oscilloscope.

8.4 Equivalent Inductance and Capacitance of Flip-Flop

The values of K aad ,, in expression (5) were found to be:

K = 11,457 rti.ans/sec

w = 1,317 radians/sec

The output resistance R for the equivalent electrical
clrcult shown In figure F-1 wsts obtained from expression (15) and
the values Gf L and C for the flip-flop were then calculated by
substituting for K, u), and R:
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Equivalent area of output orifice = 4.14 x 10-3 in. 2

Pressure drop across orifice = 7.5 in. of water

Equivalent Linear Resistance

R .04514 . 0-

4.14 x lO-

= .0298 lb sec

in6

Substituting for K, w) and R in expressions (3) and
(4), we obtain:

L = 2.24 x 10"- lb sec2

in.6

C = 1.15 x 10-2 ln.b
lb

9. DETERMINATION OF OSCILLATOR FREQUENCY

9.1 By Direct Calculation

The values of the parameters in equations (10) and (11),
obtained by the methods described above are:

2 = 12.32 x IC-3 lb sec
in .b

As = 5.74 x 10-3 lb sec
ins

R = 29.8 x 10-3 lb see
in .6

L = 2.24 x 10-5 lb secý

inb

C - 1.15 x i0I- In.

Ib

T -4.2 x 1.0-3 sec
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L = 4.62 x 10-4 lb sec2

in. 6

Cd = 1.09 x i0 "I Inb
d lb

These values when inserted into expression (10) give the
pressure p at the input to AND gates A, and A.. The output pres-
sure crom this gate is Ip where K is the recovery ratio. Tests
carried out on AND gates have shown that the value of K is 0.6.
Thus the value of p at which the flip-flop will switch is given
by the expression:

.6p p Ps (20)

where

Ps is the pressure required to switch the flip-flop.

Switching tests have shown that the pressure required to
sw'tch the flip-flop, when loaded with a circuit of equivalent
orifice area equal to 0.00414 sq in. was 0.17 times the available
steady-state output pressure p1 . Thus the time t for the flip-
flop to switch,measured from the instant the input signal Kp
reaches the value required to switch the flip-flop, is determined
by the condition:

0.17p1 = 0.6p (21)

hence,

p = 0.28Fp (22)

Since all the circuit parazteters in expressions (10) and
(11) are known, we may obtain the half-cycle time t2 by substitut-
ing the right hand side of expression (22) in place of p in expres-
sion (10) and solving the expressions (10) and (11) for Tj and t,:

0.28p = 0.sp 1  -[ 14s 7T1(Cos l,,317T, - 1.11 sin 1,317¶ )] (23)

T- t1 - .01126 (24)

Hence

T1 = 0.00063 sec

= 0.01189 sec
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Thus the calculated cycle time is 23.8 msec. The
calculated frequency of the oscillator is therefore 42 cps.

9.2 By Building and Testing the Equivalent Electrical
Analog

The electrical networks shown in figures F-5(b) and
F-6(b) may be built as a single circuit in which the ladder net-
work representing the delay line of the pulse former is switched
in or out depending on which side of the fluid oscillattr is
being simulated.

Figure F-8 shows a circuit diagram of the electrical
anglog used to study the fluid oscillator.

", L L, R_ 0L. - 3

2.2.."i' 9xO~5'3a0' Cy~~Q~93~o' 3<1-6 -00:7 4. .

20 -02-

• in. 1J".LL,2/ L /lb.sec. 2!xo( ItC/o II0o lif -OZ .0264o-

Resistance-
in.

in. b Figure F-8
Capacitance: lb,

In this circuit the input delays represented in figure
E-7 have been omitted since these were obtained directly from
tests carried out on the flip-flop. Two ladder networks each con-
sisting of five inductors and five capacitors were used to simulate
the delay lines in the fluid circuit. The total inductance and
capacitance of each ladder network was made equal to that of the
corresponding delay line. Thus the total irnductance of the feedback
delay line is 51, and the total capactt.,nce is 5C1 . Similarly the
total inductance of the pulse forming delay line is 5La and the
total capacitance is 5CV.

The calculated vAlues of the parasacters used in the
analog circult are shown in figu:e F-8.
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Scaling Factors

Because the numerical values of the electrical elements
shown in figure F-8 were in general outside the range of the
available electrical componerts it was necessary to use two types
of scaling:

(M) Amplitude Scaling

Consider the differential equation for a simple
LRC series circuit:

L di + Ri + 4dt = f(t) (25)
dt C j

Both sides of equation (25) may be multiplied by a
constant Ks giving:

di (K5 '
(KsL) dt + (KsR)i. + "- J Idt - sf(t) (26)

Thus to amplitude scale the circuit parameters it
is simply necessary to make the substitutions:

L = K L (27)a s

Rs = KsR (28)

C C (29)s K
s

where L., R and C are the amplitudi scaled values corresponding
to the origfna& parameters.

(ii) Time Scaling

Equation (25) may be expressed in terms of a time T
whose units are different from those of time t.

Let t = KtT (30)

then using the right hand side of expression (30) in place vf t
in equation (25) we obtain:

L di R K
K d + Ri + - IdT = Ktf( ) (32)
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2quation (32) shows that time scalini' may be acco.plished by per-

forming the following transformatiorns on the circuit parameters:

Lt L L (33)
Kt

Rt aR (34)

Ct = (35)
tt

where Lt, Rtand Ct are the time scaled values corre-

sponding to the original parameters.

B, combining amplitude scaling with time scaling a con-
venient range of values for all circuit parameters used in the
analog circuit may generally be obtained.

Let the zvai values of inductance resistance and
capacitance corresponding to the equivalent electrical circuit be
LrP RrP ani C r, and let the actual values used in the analog
circuit be La, Ra and Ca; then the values of the parameters in the

analog circuit may be obtained by combining expressions (27), (28),
and (29) with expressions (33), (34), and (35), giving:

K
La - Lr (36)

R a K asRr (37)

Ca __L Cr (38)

It was found by trial that convenient values for the
analog circuit could bo obtained by using the scaling factors:

to U 108

gt = 103

A circuit diagram giving the actiual values of inductance
resistance and capacitance in electrical units is shown in ftgure

F-9.

Figure F-10 and P-Il show oscilloscope recordings of the
output so measured from the Instant the switch S was closed.
Figure F-10 shows the response with the switch 8t in the position
shown in figure F-9. This otitput corresponds to the side of the
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flip-flop not connected to the pulse forming delay line. Figure

F-11 shows the response with the switch S2 in the opposite state
to that shown. The effect of the additional ladder network, which

corresponds to the pulse forming delay line, is seen to be small.

Since an input potential of 10 volts represents P1 , the
time taken for the output potential to reach 2.8 v corresponds to

the time taken for the flip-flop input to reach the required
switching level of 0.28p1 . This time Is seen to be approximately
9 psec.

3 2249 93 93 93

"- I^ [ I I
rieductnce mh U1s UJr secondResistance KOQ -

Cap&:-iteance kWf

Fugure F-9

Vo Lts _____________ Volts

6 2

4 0 345 2

M'i cro seconds Microseconds

Figure F-10 Figure F-11

A tioe scaling i-:tor tf !)J meana that the electrical

circuit is one thousanL times faster than *he fluid circuit, thus
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the real time for the fluid system is nine msec. To this time
must be added the switching delay time of the flip-flop, thus the
cycle time T is given by:

T = 2(9 + 4.2)

= 26.4

The frequency predicted by the analog circuit is

therefore 38 cps.

9.3 By Direct Measurement

A hot-wire anemometer was placea at one output of the
flop-flop in the oscillator circuit and a cycle time of 25 msec
was measured by means of an cscilloscopF, The actual frequency
is therefore 40 cps.

10. CNKPARISON OF RESULTS

Both the mathematical and the electrical analog of the fluid
circuit gave cycle times which were within 6 percent of the measured
value. It may therefore be ioduced that either method would be
useful in predicting the performance ot new circuits.
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APPNIX G.-THREE-STAGE BINARY COUNTER USING ISOLAThON FLIP-FLOP

1. DESCRIPTION OF ISOLATION FLIP-FLOP

An application of the experience gained in the investigation
of the steady-state, subsonic flow isolation by gap (appenAix B)
has resulted in a flip-flop with built in isolation. For simplic-
ity) it is referred to as "isolation flip-flop" in the following
discussion.

The HDL flip-flop (as described in figure A-l) has teen
modified in the fashion shown in figure G-l.*

Since the low pressu-e bubble formed between the power Jet
and the wall is essential in a stable flip-flop performance, the
first step in modifying the RDL flip-flop was to determine the
wall length necessary to form the low pressure bubble. It was
determined experimentally that l2W is sufficient for this purpose.

The second step in the modification was to determine the Zyp of
recovery port and the gap size. From the points of view ot com-
pact and easiness in reproduction, the cone shape recovery port
with some bluntness of 0.005-in. at the tips of the recovery

port was selected. Using cone shape recovery port it was found
that a gap size of ID, provides perfect isolation in axisymmetrical
flow; see figures B-1 and B-5(b).

A larger gap size of 3W was used to account for the dif-
ference between the two dimensional flow and the axisymmetrical
flow. Also four vent holes, as shown in figure G-l, are there
to simulate the axisymmetric flow as closely as possible.

Modification as shown in figure G-1 was done on an epoxy
cast of the IDL flip-flop. After satisfacLory test resulz was
obtained, both the device plate and its cover plate were used to
reproduce a group of eight similar flip-flops by means of rubber
mold. A 100-percent yield was obtained in the first group of eight
with respect to bistability over the entire load range, including
blocked outputs. This indicates a complete isolation, or zero
feedback effects from o'xternal circuit loads. Fvr the range of
P. fror about 5 in. of water to well over 30 in. of water, the .er-
formance characteristics of these flip-flops was similar within
4_5 percent. With blocked outputs, the pressure recovery is about
55 percent of the supplv pressure. Figures G-2 and G-3 show the
steady-state characteristics of the isolation flip-flop.

Soue dynna.i,, characteristicA; have been investigated. Used
as the flip-flop in a circuit sinllar to the AND gate binary
counter circuit as shown below. it osciiLates at its natural
frequency while driving two more Aimilar stagos. It has operated at
250 cps.

160

*Figures for appendix G ap;.ar on pp 16 5 to 172.



F,

Level input

By using the shortest physically possible feedback leads in the
arrangement showr below it has operated at 420 cps.

It can be safely assumed that with design refinements and miniituri-
zation, a 1000 cycles per seconid unit would be quilte feasible.

26. DESCRIPTION OF BIAARY COUtMrER CIRCUIT

To demonstrate the advantages of using the isolation flip-flops
in the design and construction of a fluid circuit, It was decided to
build a binary counter with unmatched components in a compact single
plane. Some dimensions of the components used are shown in the
table below:

Component Nozzle size (W) Channel Dept (t) Aspect Ratio
(in.) (in.) (tW)

Isolation Flip-Flop 0.010 0.090 3:1

AND gate 0.020 0.120 6:1

Divider 0.015 0.120 8:1

Note: The fl:ial integrated counter stage has a uniform channe!
depth of 0.050 in. The nvzzle width of the components re~mins the
same as shown above. The dimensions of the whole device plate are
8.1 x 2.7 x 0.1, in. Seo also the attached photograph in figure G-4.
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By connecting counter planes a m:•iltistage binary counter can

be constructed easily.

A binary counter design as shown in figure G-5 was selected.

This binary counter consists of two flip-flops, one inverter, four
AND gates and six dividers, however, it does not have any delay

element.

The operational features of this binary counter need considerable
explanation. When there is no pulse coming into the inverter, the
,3tate of the two flip-flops in each countpr stage is determined by

the state of the second flip-flop FF2 (see figure G-5). That means
the second flip-flop is in the set state the first flip-flop must

be in the same set state.

The phase relationship of the outputs of the three-s'"ge
binary counter with respect to the pulse train is shown in figure

G-6. In constructing this figure, it is assumed that the pulses
are perfectly square and that the second flip-flops of each stage
are at "R2 " state initially. In following through the figure, it

becomes immediately clear that the first flip-flops of each stage
change its state at the trailing edges of the triggering signal.
whereas the second flip-flcps of each stage change its state at the

leading edges of the t.'iggering signal. The frequencies of the out-

puts of the first, second and third stage are in tLe ratio of 4:2:1.
Any one of the four outputs of each stage can be used to trigger the
following stage, however, only the complementary outputs of the
triggering o'itputs are in phase with one another. In figure G-5,

the outputs L, of each stage aee shown as the triggeriag outputs;
therefore, the complementary outputs R1 of each stage are in phase

with one another, as can be seen in figure G-6.

3. METHOD OF FABRICATION OF COUNTER PLANES

In fabricating the counter planes, soveral kinds of com-
ponents were necessary. The isolation flip-flop was obtatned by
modifying the IDL flip-flop as described earlier. The anverte," was

obtained by modifying the isolation flip-flop in sucb a way that
one of the two output chan:'els has less isoiation compared to the
other. This was accomplished by leaving one of the twoi output

channels unmodified. The AND gate and the divider are standard
UNIVAC elements, having been developed earlier.

It is quite obvioius that In fabricating the counter plane ia

counter subuni it ! s s:ht,. Ti I he t l I I a d i:W ftdhIA n ho hLJ I -t f t rS .

WID'det-,

e,
F/!p,/ fi



Binding three subunits together in a plane and cutting the
necessary interconnection channels on both sides of the plane, an
integrated binary counter plane can be built easily. The vent holes
on one output channel of the first subunit can be blocked up so that
it performs the function of an inverter. If a single control input
is preferred, the AND gate on the opposite side of the unrvented
output channel can be modified to achieve this purpose.

In fabrication, the essential portion of the epoxy case unit of
an isolation flip-flop, two AND gates and two dividers were prepared
to build a master counter subunit. They were inserted in a compact
fashion in a plexiglass plate. Then the interconnec(ion channels
were cut on the plexiglass. See attached photograph. A rubber mold
of this master counter subunit was made in order to reproduce the
necessary number of subunits to build a complete counter plane. The
same method was used to fabricate the master c-,!nter plane and its
rubber mold. Thus, a set of three epoxy cast binary counter planes
was fabricated. When finishing each counter plane scotch tape was
placed on the faces of the plane and the necessary vents were cut.

After each counter plane has been tested successfully, then
they were cascaded one oni top of the other. A three-stage binary
counter has been fabriceted and submitted as a part of the results
obtained in this contract,

4. OPERATION OF THE THREE-STAGE BINARY COUNTER USING THE
ISOLATION FLIP-FLOPS

Limited test data has been obtained on the operation of the
binary counter planes using the isolation flip-flops due to the
limited amount of time left in the contract period.

Using a mechanical signal generator each counter plane has
operated satisfactorily up to 180 pulse3 per second without missing.
The binary counter operated satisfactorily between 10- and 30-in.
WG supply pressure; 10-in. WG is the minimum operating supply pres-
sure; hcovever, the counter was not tested beyond 30 in. WG. It is
safe to assume that the maximum operating supply pressure is well
beyond 30 in. WG.

A wide range of operation is poss ible with th is binary counter.
Figure G-7 shows the rvlatonship of 'he maximum count tig rate,
f with respuct to the supply pressure, P. iand the total pressureý

max
of the controrl jet Pc For a giv'en value of supply pressure P
the maximnum c-ount ing rate f i..creases with increasing total

pressure of the control jet, P . On the other hand, if the avý.tlabl,
t,:tal pressure of the control Jet P is fixed, th4 maximu~m couriting
rate could be either increa.wid or decreased as tho supply pressure
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is increased, depending on the level of available control pressure
as shown iJn figu.'e G-7.

Figure G-8 shows the relationship of the minimum total pressure
of control jet (p ) with respect to the pulse width T. The pulse
width was calculadeW prom the slot angle of the rotating discs and
the angular velocity of the rotation. As compared with figure D-4,
which shows the switching characteristic* of the original HDL flip-
flop, it is noticed that the minimum total pressure of control jet
is reduced considerably.

The counter is not sensitive to noise. Time did not permit a
complete quantitative analysis of the influence of noise levels,
however, operation is unaffected by natural air turbulence, or by
the mechanical vibration of the pulse generator.
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Note: On the cover plate
there are two vent holes
located right on top of

the vent holes on the
dcvice plate.

?Igurc G-I lsol-,tion fill)-flop showmng the modifl-
cation of HDL flip-fl()p (See figurt, A-1

for the originzal design.)
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